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ABSTRACT 
 
 Past and current research with a novel bioenergy crop, Miscanthus x giganteus 
(Mxg)—a perennial C4 grass native to East Asia being studied as a potential bioenergy 
feedstock in the U.S.—were reviewed.  Aspects of Mxg research surveyed include its 
taxonomy, biology, breeding and genetics, end uses and environmental benefits, 
agronomy, production economics, need for weed control, invasiveness potential and 
methods of control.  Weed control was found to be critical during the first one to two 
years of establishment.  The assumption has been made that herbicides used in cereal 
crops can be safely used in Mxg, and several such herbicides have been used successfully 
in European plantings.  The invasive potential is believed to be very low, and no research 
has been conducted thus far to evaluate methods of control.  Greenhouse and field 
experiments were conducted in 2007 to 2009 to evaluate the phytotoxic response of Mxg 
to several preemergence and postemergence herbicides applied at various rates.  No 
herbicides with activity on only broadleaf weeds reduced above-ground biomass or 
produced visible injury in Mxg.  Several herbicides reduced biomass yield or produced 
injury, and some, particularly those with significant activity on grass weeds, reduced dry 
mass and produced visible injury.  Results support the hypothesis that herbicides used in 
corn are safe to use on Mxg and provide new potential herbicide options for use in 
establishing Mxg.  A greenhouse experiment in 2008 investigating the dose-response of 
Mxg to glyphosate showed that Mxg greenhouse-grown plantlets were controlled with as 
little as 360 g ae/ha glyphosate.  Three field experiments were conducted in 2007 to 2009 
to evaluate various methods of controlling a mature stand of Mxg.  The first experiment 
iii 
 
involving fall- and spring-applied glyphosate showed that fall, spring, and fall followed 
by spring applications significantly reduced above-ground biomass the summer following 
spring treatments and that summer shoot number was significantly reduced following 
sequential fall and spring applications.  The second experiment demonstrated that both 
tillage and a single glyphosate application significantly reduced above-ground dry 
biomass, and that tillage in combination with one or two glyphosate applications 
provided the highest level of control in the same growing season.  These experiments 
indicate that tillage and glyphosate can control a mature Mxg stand, but treatments will 
likely need to be employed for at least two growing seasons for complete eradication.  
The third experiment examined the feasibility of planting glyphosate-resistant soybean 
directly into a mature stand of Mxg following conventional tillage.  Results showed that 
soybean yield was not reduced when one or two sequential glyphosate applications were 
made in-crop compared with a weed-free control.  The same field was subsequently 
rotated to glyphosate-resistant corn following deep tillage in 2009 with the same 
treatment scheme implemented.  Corn yield results were similar to those from the 
soybean experiment.  The Mxg population was also reduced from the previous season, 
but complete eradication was not achieved.  This experiment showed that rotation from a 
mature field of Mxg directly to a glyphosate-resistant soybean-corn rotation under 
conventional tillage practices appears to be possible with no significant yield loss 
although Mxg eradication will likely take more than two seasons. 
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CHAPTER 1: REVIEW OF RELEVANT LITERATURE 
1.1  BACKGROUND 
1.1.1  Nomenclature, History and General Characteristics  
Miscanthus X giganteus Greef and Deuter ex Hodkinson and Renvoize (Mxg) is a 
perennial, rhizomatous, C4 grass that has been grown in the European Union (EU) for the 
last few decades as an energy crop (Hodkinson and Renvoize 2001; Jorgensen et al. 
2003).  Mxg belongs to the family Poaceae, subfamily Panicoideae and supertribe 
Andropogonanae.  It is also known as M. x ogiformis Honda ‗Giganteus‘ (Linde-Laursen 
1993), M. giganteus, M. sinensis ‗Giganteus‘ and M. x giganteus Greef and Deuter 
although the latter name was deemed invalid under the rules of the International Code of 
Botanical Nomenclature (Clifton-Brown et al. 2000; Hodkinson et al. 2002a; Hodkinson 
and Renvoize 2001)(Clifton-Brown et al. 2000).  It is native to East Asia as far north as 
southern Russia but was imported to Denmark from Japan in 1935 by Aksel Olsen as an 
ornamental and has since been grown in the EU as a bioenergy crop. 
Mxg is a triploid interspecific hybrid (2n=3x=57/58) and so is essentially sterile 
and must be propagated vegetatively (Linde-Laursen 1993).  It is likely a cross between 
M. sinensis Anderss. (2n=2x=38) and M. sacchariflorus (Maxim.) Benth. and Hook. 
(2n=4x=76) although the taxonomy has not been fully resolved (Hodkinson et al. 2002b; 
Scally et al. 2001).  Rayburn et al. (2009) used flow cytometry and stomatal cell analyses 
to determine that the genome sizes of M. sinensis, M. sacchariflorus and Mxg are 5.5 
picograms of DNA per nucleus (pg), 4.5 pg and 7.0 pg, respectively.  These findings 
support the supposition that Mxg is the union of M. sinensis and M. sacchariflorus. 
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In an optimum environment, Mxg can grow to 4–5 m tall annually.  It is clump-
forming with minimum to moderate lateral spreading.  Mature stem diameter is roughly 8 
mm (Clifton-Brown and Lewandowski 2002) although basal mature stem diameters of up 
to 12 mm are common.  Internode length ranges from roughly 6–28 cm with smaller 
internode lengths at the base.  Mxg is highly resistant to lodging due to the lignified outer 
ring of the vascular bundles and the tendency for shorter basal internodes (Kaack et al. 
2003).  Leaf arrangement is alternate.  Auricles are absent and ligules consist of a fringe 
of hairs.  Leaf blades are simple and sheathed with entire leaf margins, and both upper 
and lower leaf surfaces are glabrous.  Mature leaves are typically 60–80 cm long and 2 
cm wide at the midpoint with a distinctive white mid-rib.  Lower leaves eventually 
senesce and fall after the developed canopy effectively blocks sunlight to the lower 
leaves.  Leaves can persist throughout the winter, though wind and freezing precipitation 
typically cause the loss of most leaves.  The inflorescence emerges in late summer or 
early fall and persists throughout the winter.  It consists of a compact panicle composed 
of numerous thin pubescent racemes lined with spikelets.   There is a wide range of 
photoperiodic and thermal time requirements for floral initiation and the photoperiodicity 
has not yet been authoritatively determined. 
Mxg has several qualities of an ―ideal‖ energy crop such as high biomass yield, 
utilization of C4 photosynthesis, high light, water and nitrogen use efficiency, positive 
energy balance, negative carbon and greenhouse gas (GHG) balance, no or few pests and 
diseases, harvest with conventional agronomic equipment, a wide range of end uses, 
minimum environmental impacts and maximum environmental benefits (Barney and 
Ditomaso 2008; Heaton et al. 2004; Heaton et al. 2004).  Shoots generally emerge in mid- 
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to late-April or when soil temperatures at 5 cm reach approximately 10°C.  Nutrient 
concentrations in the rhizomes generally decline from emergence until mid-summer to 
support above-ground growth and then increase to February as nutrients are translocated 
from above-ground to subterranean biomass (Beale and Long 1997).  Peak biomass is 
typically produced by late-summer or early-fall and all growth ceases with the first 
killing frost.  Maximum biomass for Mxg in the UK was observed in early October, 
followed by a decline of 31.1 kg/ha/day due to respiration, degradation and leaf loss 
(Gezan and Riche 2008).  Nutrient translocation continues throughout the fall and winter 
although the rate slows over time.  Harvest is typically conducted during the winter or 
early spring when nutrient levels in the aerial biomass are lowest. 
Mxg stands often last 10 y before needing to replant.  However, several stands in 
the EU have been in production for over 20 y, and the switchgrass (Panicum virgatum) 
and Mxg plots at Rothamsted Experimental Station in the UK have experienced no yield 
decrease in 15 y without fertilizer (Powlson et al. 2005).  Lewandowski et al. (1995) 
estimate the growing period to be 15–20 y.  Mxg exhibits Kranz anatomy and undergoes 
C4 photosynthesis.  This characteristic anatomy of the vascular tissue concentrates CO2 
around ribulose-1,5-bisphosphate carboxylase oxygenase (Rubisco), thus minimizing 
photorespiration and giving the plant high photosynthetic efficiency and productivity.  
Dohleman and Long (2009) demonstrated that Mxg was 59% more productive than field 
corn (Zea maize), another C4 plant, in Illinois due to a higher level of sunlight capture 
from a denser canopy and to a longer canopy duration.  Productivity was calculated as 
―the product of the total solar radiation per unit land area and the efﬁciencies of light 
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interception and conversion into above-ground biomass.‖  Mxg also maintains high rates 
of photosynthesis at much lower temperatures lower than corn. 
Yields in the EU of 15–20 Mg/ha from the third season on with an early spring 
harvest of stems only are commonly achieved (Clifton-Brown and Lewandowski 2002; 
Lewandowski et al. 1995) although yields as high as 30 Mg/ha have been reported in 
Germany in deeper soils with consistent precipitation (Lewandowski and Kicherer 1997).  
In Southern Europe yields of 30–40 Mg/ha have been achieved under irrigation (Clifton-
Brown et al. 2001; Lewandowski and Kicherer 1997; Lewandowski et al. 2000).  In side-
by-side trials of Mxg and switchgrass, Heaton et al. (2004) estimated that Mxg yielded 
twice as much aerial biomass (22.4 Mg/ha) on average compared with switchgrass (10.3 
Mg/ha). 
 
1.1.2  Breeding and Genetics 
Understanding of the genetic sequence, breeding methods and genetic 
modification of Mxg has been limited thus far, but numerous researchers have been 
actively working on characterizing certain genetic traits and on improved breeding.  
Genetic experiments using amplified fragment length polymorphism (AFLP) 
fingerprinting showed that Mxg accessions clustered under M. sacchariflorus, indicating 
a closer relationship with that species (Greef et al. 1997).  Hodkinson et al. (2002a) used 
AFLP to characterize a genetic resource collection of 75 accessions of Miscanthus spp., 
thus providing useful mapping of proposed relationships within the genus.  Identification 
of eleven quantitative trait loci (QTLs) for total height, flag-leaf height and stem diameter 
in M. sinensis was achieved by Atienza et al. (2003a) in hopes that this information 
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would help improve winter hardiness in the species, with potential applications in Mxg.   
The group also identified six potential QTLs in M. sinensis for chlorine and potassium 
content and nine putative QTLs were identified for calcium, phosphorus and sulfur 
content (Atienza et al. 2003b; Atienza et al. 2003c).  This information may be useful in 
work aimed at lowering the content of these minerals in the plant tissues, which would 
improve combustion qualities.  Petersen et al. (2002) attempted to develop a method of 
doubling the chromosome number of M. sinensis to produce a triploid and thus prevent 
fertile seed production.  However, the group found that use of embryogenic apex callus 
tissue produced a high frequency of chimeras and albinism and a reduced generation 
capacity.  Success in this area though would show promise for the ability to engineer a 
sterile form of M. sinensis and take advantage of the stronger genetic variation inherent in 
the species compared with Mxg while avoiding issues of invasiveness. 
Hybridization and polyploidy are common in Miscanthus spp., and there are 
known hybrids of M. sinensis and M. sacchariflorus in addition to Mxg (Lledo et al. 
2001).  Knowing that the likely parents of Mxg are indigenous in East Asia from the 
subtropics to the subarctic, it is likely that the genetic variation within these species 
includes genotypes with drought tolerance and cold hardiness (Clifton-Brown et al. 
2002). New hybrids between M. sacchariflorus and M. sinensis could be developed that 
have many beneficial characteristics of Mxg but with greater winter hardiness (Clifton-
Brown and Lewandowski 2002).  M. sacchariflorus has a higher water use efficiency 
than either M. sinensis or Mxg, but M. sinensis has a more flexible water-saving strategy 
(stomatal regulation) than the other two (leaf senescence), suggesting more potential 
dividends from breeding work (Clifton-Brown and Lewandowski 2000).  Molecular 
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breeding methods are currently being employed to improve biomass yield, cell wall 
degradability and stress tolerance, to manipulate flowering time, and reduce fecundity 
(Jakob et al. 2009).  A replicated spaced plant trial containing 249 genotypes revealed 
several hybrids that yielded greater biomass than Mxg after three years (Clifton-Brown et 
al. 2008).  AFLP analysis revealed small detectable differences among four accessions of 
Mxg (Greef et al. 1997), indicating that even within Mxg there is some amount of genetic 
variability that may be utilized for improvement of biomass quality, resource use 
efficiency, winter hardiness, etc.  All of these findings suggest that there is much reason 
for optimism in improving numerous characteristics of Mxg through future genetic 
manipulation and breeding work. 
 
1.1.3  Uses and Environmental Benefits 
The most common use of Mxg in the EU is for combustion or co-combustion with 
coal to produce electricity and/or heat.  Mxg can be successfully burned in a pulverized 
coal combustor (Wagenaar and VandenHeuvel 1997), a circulating fluidized-bed 
combustor and a powdered fuel combustor (Lewandowski et al. 2000).  However, it is 
known that Mxg ash has a low melting point which is problematic in combustion 
(Lewandowski et al. 2003).  Increased use of bioenergy feedstocks for combined heat and 
power in the EU have sparked controversy regarding the competition over land use 
between food and fuels and the importation of feedstocks from countries where 
unsustainable production practices are used.  Lewandowski and Faaij (2006) discussed 
the steps toward implementing certification according to a set of standards to ensure that 
production and use of biomass is done sustainably with minimal environmental impact. 
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Mxg fibers also have been proposed for use in a variety of applications.  Recent 
work with various bleaching and organosolv fractionation processes has shown that Mxg 
could likely be a source for fiber and lignin (Villaverde et al. 2009a; Villaverde et al. 
2009b).  In an experiment investigating several factors in semichemical pulp processing, 
Marín et al. (2009) confirmed that Mxg, with high cellulose and hemicelluloses content, 
can be quite useful in paper and cardboard production.  Cappelletto et al. (2000) 
determined that Mxg fibers could be successfully used to reinforce recycled fibers in 
papermaking.  A mixture of peat and Mxg straw compost may provide a suitable 
replacement to peat potting media, although further investigation would be needed as the 
compost mixture did not have optimum physical characteristics (Clemmensen 2004).  
Hydrogen can even be produced using extreme thermophilic bacteria feeding on Mxg 
(Vrije et al. 2009).    
 Production of Mxg also has the additional benefit of providing several 
environmental services.  Semere and Slater (2007) found that a young crop of Mxg, 
typical of what would be present in a rhizome production field, provided a substantially 
improved habitat for native wildlife including ground flora, small mammals and bird 
species.  Strips of perennial warm-season grasses such as switchgrass and Mxg can be 
used as windbreaks (Parrish and Fike 2005).  Mxg production increases the soluble 
fraction of the soil organic matter (SOM) of sandy soils (Beuch et al. 2000).  Kahle et al. 
(2001) also found that Mxg cropping improved nutrient cycling in the soil and improved 
the levels of SOM (as calculated from the organic carbon fraction of total carbon) and 
total nitrogen, and they expected the SOM to be enriched over the duration of the 
cropping period.  Foereid et al. (2004) found that not only did soil organic carbon 
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accumulate over time but the carbon stored in the soils under 18 y old Mxg stands was 
more stable (i.e., longer turnover time) and less susceptible to microbial decomposition 
than that under 11 y old stands, most likely due to the accumulation of lignin which is 
more recalcitrant. 
An experiment of rhizome and root growth showed that on average Mxg produces 
1.7 Mg/ha/yr of rhizome mass between the first and seventh growing season while root 
mass reached 2.0 Mg/ha by the second season and then stabilized (Riche and Christian 
2001a).  The accumulated subterranean biomass substantially increases the amount of 
sequestered carbon critical in reducing atmospheric CO2 levels.  Riche and Christian 
(2001a) also found Mxg roots up to 2.0 m deep after six growing seasons compared with 
2.4 m for switchgrass.  The extensive root system allowed Mxg to access large amounts 
of water in the root zone.  The researchers asserted that this could decrease the chances 
that field capacity would be reached by the beginning of the next season following a dry 
season and/or dry winter.  This may be beneficial or detrimental depending on the field 
conditions at the time of spring operations.  In addition to water uptake in the root zone, 
the dense canopy intercepts 20% of rainfall which could increase soil moisture deficit 
(SMD) but also improve ground conditions for harvest (Riche and Christian 2001b).  
Allowing the crop to stand during the winter may also trap snow which could replenish 
soil water reserves (Sanderson 2004). 
Mxg could play an important role in producing renewable electricity and 
mitigating carbon emissions.  Clifton-Brown et al. (2004) estimated that if Mxg was 
grown on 10% of arable land area in the EU, ―9% of the gross electricity production in 
2000 could be generated…. and the total carbon mitigation could be… about 9% of the 
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EU total carbon emissions for the 1990 Kyoto Protocol baseline levels.‖  Assuming 
agricultural land is needed for production of bioenergy feedstocks, obviously the 
candidate with the highest nitrogen, water, energy and land use efficiency will mean that 
fewer hectares would be needed.  Lewandowski and Schmidt (2006) concluded that 
production of Mxg or, on cooler sites, short rotation coppice would be the best choice for 
increasing these efficiencies.   
Mxg could also be useful in mitigating brownfield (i.e., degraded land 
contaminated from industrial waste) and other degraded land, thus providing an 
ecosystem service and reducing the impact of bioenergy feedstock production on 
agricultural land use (Hartley et al. 2009).  Debolt et al. (2009) found that in the state of 
Kentucky alone there were 2.2 million ha of abandoned agricultural or mining land.  
They also showed that growing C4 grasses for ethanol and bioelectricity production on 
this land could account for as much as 17% of the state‘s energy consumption and reduce 
GHG emissions by 68% compared with those using fossil fuels without evoking negative 
impacts of land use change.  Pfeifer et al. (1990) assumed that energy crops would likely 
be grown on set-aside land, but they also noted that characteristics of poor soils such as 
low pH, shallow soils, deep water tables, etc., would lower biomass yield and ease of 
production.  Low pH soils may be especially problematic since previous experiments 
have shown that Mxg will not establish in soils with low pH (4.7 or lower, unpublished).  
However, Nielsen (1987) found that dry matter yields were higher on soils with pH 5.0 
than 6.3 or 8.0. 
Nitrate leaching on most agricultural land is a serious environmental issue, and 
various proposed methods of reducing leaching are costly to farmers.  Plantings of 
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perennial grasses such as switchgrass and Mxg can act as buffers to protect riparian zones 
by reducing soil erosion and pesticide migration and by absorbing dissolved nitrates in 
the groundwater (Parrish and Fike 2005; Sanderson 2004).  Nitrate leaching levels from 
Mxg stands after the establishment year were found to be closer to those under 
extensively managed grasslands than to conventionally cropped lands (Christian and 
Riche 1998).  Riche and Christian (2001b) also noted that, due to the potential for an 
increased SMD under Mxg fields, reduced nitrate leaching may result as winter drainage 
is reduced. 
 
1.2  PRODUCTION 
1.2.1  Establishment 
The primary challenges to Mxg establishment include relatively limited genetic 
base, high establishment costs, and low winter hardiness in the first winter (Lewandowski 
et al. 2000).  Only one genotype of Mxg was available in Europe during the 1990‘s, so 
essentially all plantings in the EU have the same genome (Lewandowski et al. 2003). 
 Vegetative propagation can be done by either micro- or macro-propagation 
methods.  Micro-propagation, the most common form used in Germany, is achieved by 
culturing callus tissue in vitro and then multiplying on tillering medium for 4 wks 
(Lewandowski et al. 1995).  The plantlets are then grown in a greenhouse for 6–8 wks 
before being planted in the field.  A single immature Mxg inflorescence can produce as 
many as 1830 field-ready plantlets within 5 mos (Lewandowski and Kahnt 1993).  
Plantlets are planted using a simple vegetable (e.g. cabbage) planter (Huisman et al. 
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1997) which typically requires multiple workers.  Estimates of 4–6 h/ha using a 2-row 
planter with this method have been cited (Lewandowski et al. 1995).  
 The second method, macro-propagation, is done by harvesting, dividing and 
planting rhizomes from a mature stand of Mxg.  Shoots are produced from buds on the 
rhizomes, and the rhizomes provide the nutrients for the plant while photosynthetic 
capabilities are being developed (Christian and Haase 2001).  The optimum size of 
rhizome segments and the depth of planting have been studied, with some researchers 
measuring size by length and others by mass.  The optimum size has been found to be 
10–20 cm (Christian and Haase 2001) or 40–100g (Venturi et al. 1999) although 
Jorgensen (1995) reported that winter survival decreased by only 5% for plants 
propagated from rhizome segments <10 cm compared with those >10 cm.  Reports 
regarding the optimum planting depth range from 2–6 cm (Jorgensen 1995) to at least 20 
cm (Christian and Haase 2001).  Since soils can freeze at depths of 5 cm or greater in 
central Illinois, a planting depth of 10 cm would be recommended.   
As many as 100 rhizome segments can be harvested from one clump (i.e., 
rhizome mass of a single plant) when done by hand, but this method is not economically 
feasible.  Using a rotary cultivator will cut the clumps generally into 20–100 g segments 
with approximately 35 segments resulting from a single clump (Jorgensen 1995).  This is 
typically done in mid-April to mid-May when shoots are 5–7 cm tall.  However, Tom 
Voigt at the University of Illinois at Urbana-Champaign (UIUC) has found that rhizome 
viability is greatly reduced when harvested after shoot emergence due to loss of nutrient 
reserves (personal communication).  The segments are then picked up with a stone picker 
or a potato or lily bulb harvester.  Although as many as 30 ha can be planted from 1 ha of 
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―mother crop‖ (Bullard 2001), Christian and Haase (2001) recommend that the 
multiplication factor be no more than 10–20 planted ha from 1 ha of mother crop.  The 
speed of the cultivator will affect the requirement for manual cutting to achieve the 
desired length of rhizome segments.  Driving speeds of 1 and 1.5 km/h required 
additional cutting by hand, while rhizomes harvested following cultivation at a driving 
speed of 0.5 km/h could be planted directly (Huisman and Kortleve 1994).  It is essential 
that the rhizome pieces not dry out between harvesting and planting (Christian and Haase 
2001; Huisman and Kortleve 1994; Jorgensen 1995; Lewandowski et al. 2000; Venturi et 
al. 1999) so planting should occur as soon as possible after harvesting.  Emergence rates 
for rhizomes planted directly from harvesting range from 70–95% but were much lower 
(50–60%) for rhizomes held in cold storage (Christian and Haase 2001; Huisman and 
Kortleve 1994; Venturi et al. 1999). In a single-year experiment, Christian et al. (2009) 
showed that using rhizomes from a 5 year old stand produced the highest rate of shoot 
emergence (88%) compared with rhizomes from 1 year old (25%) and 9 year old (52%) 
plants.  Recent work at UIUC has resulted in successful rhizome harvesting using a 
mechanical harvester (personal observation).  This machine is pulled behind a tractor and 
uses rotating cutters to divide the rhizome masses and simultaneously throw them onto a 
conveyor belt which shakes off loose soil.  These rhizome pieces are roughly 10–50 g and 
can be planted directly, although manual sorting and cutting is often necessary. 
Rhizome planting can be accomplished with several machines.  Jorgensen (1995) 
used a broadcast manure spreader to disperse rhizome segments and then incorporated 
them 15–20 cm deep and rolled the soil surface.  Nixon et al. (2001), however, reported 
that precision planting with an automated potato planter or a specialized Mxg planter 
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provided superior establishment compared with broadcast methods.  Potato and sugar 
beet planters also have been used (Christian and Haase 2001).   Researchers in the 
Netherlands developed a 4-row machine which utilized 4 laborers dropping rhizome 
segments metered by a flashing light that was timed according to distance travelled 
(Huisman et al. 1997).  Hvidsted Energy Forest of Denmark developed a machine that 
can hold about 5 Mg of bulk harvested rhizomes, plant them in rows, and involves a 
single operator for reduced labor cost (Lewandowski et al. 2000).  Recent plantings of 
several hectares at UIUC have been successfully accomplished using a modified 2-row 
seedling planter manufactured by RJ Equipment, similar to one used by Nixon et al. 
(2001), with one person dropping rhizomes per row (personal observation).  A planting 
rate of 1 ha in 4–6 h was achieved in the EU using a two-row planting machine 
(Lewandowski et al. 1995).  Another planter similar to the Hvidsted planter is currently 
being evaluated at UIUC (personal observation).   
Regardless of planting method, replanting will likely be needed the second year to 
fill in gaps caused by lack of emergence from the initial planting or winter kill.  This is 
done manually by splitting neighboring plants (Huisman et al. 1997) or by filling in with 
plantlets or rhizomes, both adding to the overall cost of establishment.  To date, no peer-
reviewed literature addresses the possibility of planting Mxg with no-till practices.  
However, there are distinct advantages for no-till, including decreased carbon release 
from extensively tilled soil (Bavin et al. 2009; Gosai et al. 2009; Snyder et al. 2009).  In 
fact, converting from conventional tillage to no-till practices increases carbon 
sequestration and simultaneously reduces carbon emissions in most cases (West and 
Marland 2002). 
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Other considerations for establishment of Mxg include planting density, 
irrigation, fertilization and weed control.  Planting densities typically range from 1–4 
plants/m
2
 (Lewandowski et al. 2000).  Higher densities will provide faster canopy closure 
and ensure a harvestable crop 1–2 years sooner, but the additional revenue typically will 
not compensate for the cost of additional propagules.  Danalatos et al. (2007) concluded 
that the highest growth rates were found in stands with 10,000–20,000 plants/ha.  
Generally, 1 plant/m
2
 is recommended unless planting is done for rhizome harvesting 
since a higher return can be expected for rhizomes.  In this case, a density of 4 plants/m
2
 
is generally recommended (Huisman et al. 1997).   
The high biomass water ratio (similar concept to water use efficiency) of Mxg and 
other C4 plants such as Spartina cynosuroides (salt reed grass, or big cordgrass) allow 
these species to produce large amount of biomass with relatively low water inputs (Beale 
et al. 1999).  However, Mxg is known to respond positively to water input and irrigation 
is useful during the first growing season (Lewandowski et al. 1995).  Drought tolerance 
among various ascensions of Mxg and a ―stay-green‖ M. sinensis varied not only by the 
drought magnitude, but also by its duration (Clifton-Brown et al. 2002).  Price et al. 
(2004) cited significant seasonal differences in yield at most sites in England, and in 
many instances these were due to moisture stress.  The transpiration coefficient for Mxg 
is 30:1 cm water per kg dry matter; therefore, for a dry mass yield of 20 Mg/ha the crop 
would need 60 cm precipitation and/or irrigation during the growing season.  However, 
yields of 15–20 Mg/ha dry matter have been cited in Germany without irrigation from the 
third growing season onward (Lewandowski et al. 1995).  Since the Midwest U.S. has 
plentiful rainfall, and since irrigation costs would likely not pay for additional yields, 
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irrigation after the establishment phase is not expected to be part of energy grass 
production in the Midwest.   
The need for fertilizer, particularly nitrogen (N), for a crop of Mxg is being 
actively researched.  Several experiments have concluded that Mxg yield does not 
respond significantly to N (Christian et al. 1997; Christian and Haase 2001; Clifton-
Brown et al. 2001; Danalatos et al. 2007; Schwarz et al. 1994), most likely because a 
large percentage of nutrients are recycled to the rhizome/root mass, and from N 
mineralization from decomposing leaves.  However, Schwarz et al. (1994) reported that 
water and nitrogen content in the aerial biomass increased at harvest with increasing N 
rates.  Lewandowski et al. (1995) recommended applying 50 kg N/ha the first year and 
increasing to 100 kg N/ha the third year and onward.  Results from Greece and Germany 
did not show a significant response to N; however, the researchers still recommended 
applying 60 kg N/ha to support the development of the root and rhizome systems 
(Lewandowski et al. 2000).  Researchers in Turkey did report a response to N and found 
that 100 kg N/ha applied the second year produced the greatest energy yield (Acaroglu 
and Aksoy 2005).  Cosentino et al. (2007) also found a yield response to N when water 
was not limiting.  Frank Dohleman and others at UIUC have hypothesized that symbiotic, 
soil-borne, nitrogen-fixing bacteria may be providing nitrogen to Mxg, but this has yet to 
be verified. 
Though Mxg exhibits a high level of winter hardiness compared with other C4 
plants, mortality in the first winter is one of the key factors limiting Mxg production in 
northern climates (Jorgensen et al. 2003).  It has been suggested that high levels of 
Rubisco and pyruvate orthophosphate dikinase (PPDK) and/or a more cold-tolerant form 
16 
 
of the latter may be the reason for the high level of cold tolerance as compared with other 
C4 plants (Naidu et al. 2003).  However, Wang et al. (2008) found that the Rubisco in 
Mxg does not show any adaptive thermal catalytic properties compared to that in corn 
and so is not the key limitation in C4 photosynthesis.  Plants propagated from plantlets 
exhibit greatly reduced winter hardiness than those propagated from rhizome.  Mortality 
rates as high as 83–99% (Christian and Haase 2001) in northern EU climates have been 
reported for plantlet plantings, although experiments from southern Europe have not 
reported such mortalities.  Winter survivability of plants from rhizomes is much higher, 
typically 95%, although unusual rain-frost patterns in the fall and exceptionally cold 
winters have been known to kill up to 100% of rhizome plantings.  Jorgensen (1995) 
noted that survival rates improved from 79 to 92% when rhizome plantings are covered 
with forage or Mxg straw.  This may not be a feasible solution in agronomic practice. 
In addition to increased winter hardiness, other factors favoring Mxg macro-
propagation over micro-propagation include yield, planting date and nutrient levels in 
harvested biomass.  Plant heights at harvest were 2.9 times greater for plants grown from 
rhizomes compared with plantlets (Christian and Haase 2001).  Dry matter yields the first 
season were 6 times higher for a crop established from rhizomes than from 25–30 cm 
plantlets (Jorgensen 1995).  This finding may not be significant, however, since a first-
year harvest would not be included as a part of commercial production, and, assuming 
equal winter survival rates, yields from the two types of plantings would likely equalize 
over the first 3–4 y of harvesting.  Lewandowski (1998) also found thicker rhizome 
branches for rhizome-established plants, and shoots were stronger although lower in 
number than for plantlet-planted.  Planting dates tend to be earlier (March–May) for 
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rhizome plantings than for plantlets (April–May) due to plantlet susceptibility to frost 
(Christian and Haase 2001).  This may affect the degree of rhizome development during 
the first year and also be a consideration when producers have a mix of traditional row 
crops and Mxg.  Lewandowski (1998) also found that the N, P, K and sugar content was 
higher in rhizomes from rhizome-propagated plants than those from plantlet-propagated 
plants until the third ratoon, suggesting macro-propagated plants are more efficient at 
translocating nutrients to the rhizome and root system than are micro-propagated plants. 
 
1.2.2  Insect Pests and Diseases 
 Although no diseases have been found that greatly affect Mxg production 
(Christian and Haase 2001), certain pathogens such as Fusarium spp. (Lewandowski et 
al. 2000), barley yellow dwarf virus (BYDV) (Bullard et al. 1995a; Christian et al. 1994) 
and miscanthus blight (Leptosphaeria spp.) (ONeill and Farr 1996) can affect Miscanthus 
spp., including Mxg.  Two species of Xiphinema nematode and one species of 
Longidorus (L. breviannulatus) were detected in soils surrounding Mxg roots at several 
sampling sites in the Midwest U.S., and high numbers of L. breviannulatus appeared to 
destroy fibrous roots and stunt lateral roots (Mekete et al. 2009).  Huggett et al. (1999) 
found that the oat or wheat aphid (Rhopalosiphum padi) could not complete its life cycle 
on Mxg but R. maidis, the corn leaf aphid, survived, was highly fecund, and able to 
transmit BYDV.  This is especially troublesome because Miscanthus spp. can carry the 
virus with or without showing symptoms.  Christian et al. (1997) observed larvae of 
Mesapamea secalis L. feeding on Mxg tissues in the spring, but final stem density did not 
appear to be affected.  Tsukiboshi et al. (2008) identified Ephelis japonica as the fungal 
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phytopathogen that causes black choke disease known to infect certain Miscanthus spp. 
including M.  floridulus  (Labill.) and  M. tinctorius Hack. (eulalia), although it is not 
known if Mxg is a host for this disease.   
 
1.2.3  Harvest, Storage and Transportation 
 Xiong et al. (2009) concluded that delaying harvest of reed canarygrass (Phalaris 
arundinacea L.), another potential perennial energy grass, until after October would 
allow sufficient time for nutrient reallocation to rhizomes providing more energy and 
resources for growth the following season.  Lewandowski and Heinz (2003) found that, 
although total biomass yield was reduced 18% by leaf loss, delaying harvest from 
December to February greatly reduced moisture, ash, nitrogen and chlorine content, 
which is highly advantageous when using Mxg for combustion.  However, Heaton et al. 
(2009) found little change in nitrogen concentration of plant tissues from December to 
February, suggesting early winter would be optimal for harvest to reduce biomass loss 
and allow sufficient time for nutrient reallocation. 
Mxg can be harvested in round (130 kg/m
3
) or large square bales (150 kg/m3), or 
chopped and compacted (265 kg/m
3
), or even pelletized in a single-pass system (350-500 
kg/m
3
) (Lewandowski et al. 2000).  The choice of harvest method must be made with 
consideration given to the economics of harvesting, storage, drying, transportation and 
end use.  If Mxg will be combusted a significant distance from the site of production, the 
method of harvesting producing the highest density would be preferable to reduce 
transportation costs.  Nolan et al. (2008) found that covering of Mxg round bales, either 
indoors or under plastic outdoors, was required to prevent degradation and to allow 
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drying.  Mxg straw should be dry, on the order of <230 g water/kg biomass for safe 
storage and for delivery to a power station (Lewandowski and Kicherer 1997).      
 
1.2.4  Economics of Mxg Establishment and Production 
Although the economic feasibility of Mxg production is extremely complex and 
involves analysis of the entire life cycle, a brief attempt will be made to describe a few 
aspects of the economics associated with crop establishment.  The least expensive 
method to propagate a perennial grass crop is to plant seed.  Even though Mxg does not 
normally produce seed, other species of Miscanthus do produce seed and have similar 
biomass yields as Mxg (Christian et al. 2005).  Experiments investigating establishment 
of M. sinensis from seed showed that drilling was more successful than broadcasting and 
natural seeds produced more viable seedlings than pelleted seeds (Christian et al. 2005).  
However, even if seed production of Miscanthus spp. could be accomplished, two 
impediments would need to be overcome.  First, direct sowing would likely not work for 
latitudes of the Midwest U.S. due to lack of winter hardiness (Christian and Haase 2001).  
This is a challenge similar to that experienced with plantlets.  Second, since Mxg and 
related Miscanthus spp. are not native to the U.S., the likelihood of the proposed grass 
species becoming a noxious weed may be great as has been observed with some M. 
sinensis and M. sacchariflorus cultivars originally planted as ornamentals (Anonymous 
2005; Anonymous 2006b; Meyer and Tchida 1999; Meyer 2004).  Research is underway 
to manipulate certain Miscanthus spp. producing viable seed to not flower (or flower late 
in the season) at Midwest latitudes, potentially avoiding a noxious weed scenario and 
improving yields since photosynthates would not be wasted on reproductive parts 
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(Speller 1993).  If feasible, this could significantly alter the future of perennial grass 
biofuel feedstock production. 
Currently, most considerations focus on the economics of establishment from 
micro- or macro-propagated means.  Cost savings estimates from using rhizomes instead 
of plantlets vary.  Christian and Haase (2001) estimated a 20% reduction in cost 
assuming a cultivator were used to cut up rhizomes.  Bullard (2001) estimated that each 
rhizome piece would cost 0.03 ECU (0.05 USD with 2009 exchange rate) assuming that 
30 ha could be planted from 1 ha of parent crop.  If the recommendation of Christian and 
Haase (2001) were followed, this figure could roughly double.  It can be estimated that 1 
ha could be planted with 10,000 plants (1 plant per m
2
) at a cost of approximately 600 
ECU (1000 USD) per ha for rhizome material alone.  Lewandowski et al. (2000) 
estimated a cost of rhizome propagules of 350 ECU/ha (513 USD/ha) assuming 
mechanization of the process and 0.3 ECU (0.44 USD) per plantlet.  In other work, 
Lewandowski et al. (2003) estimated total a cost of 3000 to 6000 ECU/ha (4395 to 8790 
USD/ha) using rhizomes or plantlets, respectively.  Jorgensen (1995) estimated 
establishment costs of 4600 and 900 ECU (6740 and 1319 USD) for plantlets and 
mechanically processed rhizomes, respectively.  Christian et al. (2005) estimated the cost 
of propagules, with transport, at 0.15 and 0.33 GBP (0.19 and 0.42 ECU, or 0.30 and 0.65 
USD) for rhizomes and plantlets, respectively.  Heaton et al. (2004) estimated plant 
material costs of 402 USD/ha for Mxg assuming 0.04 USD/rhizome at a planting rate of 
10,000 rhizomes per ha compared with 207 USD/ha for switchgrass assuming 27 USD/kg 
seed at a planting rate of 7 kg/ha of pure live seed. 
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Though these cost estimates span a wide range, it is clear that establishment of 
Mxg is more expensive than annual row crops such as corn, soybean (Glycine max L. 
Merr.) or wheat (Triticum aestivum L.).  Bullard (2001) stated that Mxg would not likely 
support an economic return unless grown on a very large scale and at high yields, or 
unless income was supported by carbon tax credits or other subsidies.  Yields of 18 
Mg/ha (8 tons/ac) would be required without subsidies/tax credits or 15 Mg/ha (6.6 
tons/ac) with them.  He estimated that a profit could be realized with a sale price of 49 
ECU/Mg (72 USD/Mg), and that using part of the crop for rhizome re-sale would 
significantly improve its economics.  Huisman et al. (1997) made a similar suggestion for 
the development of a 3-year rhizome field with above-ground dry matter harvest in the 
second and third years.  They proposed the field could be planted by a contractor or that a 
group of farmers would purchase the necessary rhizome harvesting and planting 
machines to help offset costs.   
A recent addition to the considerations of production costs for bioenergy 
feedstocks in the U.S. is the Biomass Crop Assistance Program, commonly referred to as 
BCAP, which was initiated in 2009 (Anonymous 2009a).  This program is managed by 
the Farm Service Agency of the United States Department of Agriculture (USDA).  Two 
major components of BCAP include a cost share payment (up to 75% of the cost of 
establishment) and a price match (up to 49.50 USD/Mg).  Growers must deliver the 
biomass to an approved Biomass Conversion Facility which could include a cellulosic 
ethanol refinery, power plant, pelletizing cooperative, or similar processors.  Such offsets 
will likely bring establishment and production costs to a level whereby a profit could be 
realized. 
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These projections assume a market for the harvested biomass.  Though this 
market does not yet exist in the U.S., Bullard (2001) suggested that producers could sell 
to certain niche markets (such as production of specialty papers or medium-density 
fiberboard and other biogeotextiles) until an energy market becomes reality.  Khanna et 
al. (2008) suggested that an initial market in the U.S. would be electricity generation in a 
co-fired power plant.  They proposed that it would only be economically feasible to grow 
Mxg on land in Illinois that does not support high corn yields since corn prices are much 
higher than Mxg would likely be.  They also proposed that economically viable Mxg 
production would be located along ―electricity corridors‖, but even then significant 
carbon tax credits and other agro-environmental subsidies would be needed.  Similarly, 
Scheffran and BenDor (2009) developed a spatial dynamic model to determine future 
decisions farmers would make on which of four key crops – corn, soybeans, Mxg and 
switchgrass – to plant to maximize profits.  They concluded that important elements 
include demand, prices, subsidies, carbon credits, and location of ethanol plants.  
Though researchers in Europe have been studying Mxg for several decades, there 
remain several significant barriers to its being a prominent feedstock in the U.S. 
bioenergy sector.  Establishment costs are high due to cost of propagules and the lack of 
winter hardiness.  The lack of significant energy markets for biomass feedstocks and 
established carbon taxes and/or trading systems reduce the likelihood that Mxg will move 
into commercial production in the near future. 
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1.3  WEED CONTROL 
 Mxg competes poorly with weeds during the establishment phase dictating 
absolute the need for weed control (Christian and Haase 2001; Lewandowski et al. 1995; 
Lewandowski et al. 2000).  Yields of herbaceous perennial species can be reduced by 
weed growth through resource competition (water, nutrients, light, space) and also 
through the production of allelochemicals (Buhler et al. 1998).  The use of mechanical, 
cultural and chemical weed management will be discussed in this section. 
 
1.3.1  Mechanical and Cultural Methods 
Prior to planting Mxg, cultivation of soils is typically conducted to prepare the 
planting bed and to remove existing weeds.  Depending on the method of planting, 
mechanical inter-row cultivation can be done during the first growing season but 
generally would not be considered in the second year due to the risk of injury to the 
spreading rhizome system.  However, Schwarz et al. (1994) did use shallow tillage with a 
rotary hoe between rows several times in the second year successfully and Bullard et al. 
(1995b) suggested that mechanical weed control through the first month after Mxg 
emergence could be used through the first three or four seasons.  Venturi et al. (1999) 
also recommended harrowing twice after each harvest.  After the second growing season, 
the canopy generally closes early in the season, reducing the effect of weed competition.  
This exclusion is maintained through the first killing frost.  Leaf litter generally 
suppresses growth of early spring weeds (Christian et al. 1997) as well as winter annuals.  
Although planting Mxg rhizomes using no-till practices has not been attempted, this 
method of planting would likely reduce weed pressure as subterranean weed seeds would 
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be left undisturbed.  Other cultural methods of weed control include cleaning rhizomes of 
loose soil before planting (Speller 1993), cleaning tillage and planting equipment, timing 
planting to avoid emergence periods of certain problematic weeds, minimizing the weed 
seed bank population through consistent weed control in prior years, either banding 
fertilizer or foregoing use of fertilizer when planting, and harvesting Mxg only once each 
year at the recommended time (Buhler et al. 1998).  Buhler et al. (1998) also suggested 
using a companion crop such as corn to aid in competition against weeds. 
 
1.3.2  Chemical Methods 
Few herbicides are registered for use in Miscanthus spp. and those are scheduled 
for ornamental plantings.  To date there are no herbicides registered for use in a biofuels 
planting of Mxg in the U.S., and the likelihood of such a registration is low given the 
recent reduction in herbicide discovery programs of major chemical companies 
(Fennimore and Doohan 2008). 
In preparing for planting a perennial crop like Mxg, it is necessary to control 
existing weeds, especially perennials.  This can be accomplished with systemic, non-
selective herbicides such as glyphosate (Huisman et al. 1997).  Use of paraquat, a 
bipyridilium that inhibits photosystem I (PSI), applied at first shoot emergence, has been 
used effectively in mature Mxg as the desiccated Mxg shoots will be quickly replaced 
(Bullard et al. 1995b).   Glyphosate can be used in switchgrass production from the 
second growing season on when applied in the spring before shoots are less than 15 cm 
tall (D.K. Lee, personal communication).  The switchgrass recovers quickly and grows 
vigorously over the next few weeks before annual weed seeds can germinate.  Michael 
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and Reyenga (1968) found that paraquat was selective against Wimmera ryegrass 
(Lolium rigidum) interspersed with perennial grasses such as Harding grass (Phalaris 
tuberosa) and tall fescue (Festuca arundinacea). 
Various preemergence (PRE) and postemergence (POST) herbicides have been 
used in the EU for weed control, and it is generally presumed that herbicides used in corn 
are safe on Mxg (Bullard et al. 1995b; Lewandowski et al. 2000).  Venturi et al. (1999) 
recommended herbicide applications during the first season and after each harvest.  
Bullard et al. (1995b) listed several herbicides successfully used in the EU in Mxg 
production, including photosystem II (PSII) inhibitors, plant growth regulators (PGRs), 
and acetolactate synthase (ALS) inhibitors.  Buhler et al. (1998) included metolachlor, a 
chloracetamide that inhibits the synthesis of very-long-chain fatty acids, as a herbicide 
that produced minimal injury in various warm-season perennial grasses.  Huisman et al. 
(1997) suggested atrazine, a PSII inhibitor, at 4 L/ha plus mineral oil at 3 L/ha the first 
year and glyphosate at 3 L/ha PRE the second year for effective weed control in Mxg.  
Atrazine, which has both foliar and residual activity, has been very effective in 
establishing certain warm-season grasses such as switchgrass, but it is no longer 
registered for this use in most states (Buhler et al. 1998).   Recent work at UIUC has 
focused on evaluating herbicides and tank mixes with different modes of action, both 
PRE and POST, that do not produce significant crop injury or reduce yields.  In addition 
to those previously discussed, other herbicides which did not significantly affect Mxg 
growth include a dinitroaniline, which inhibits microtubule assembly, an isoxazole and a 
triketone, both of which are 4-hydroxyphenylpyruvate dioxygenase enzyme (HPPD) 
inhibitors (Rich Pyter, personal communication). 
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1.4  INVASIVENESS AND METHODS OF ERADICATION 
1.4.1  Potential as an Invasive Weed 
 Executive Order 13112 defines an invasive species as ‗‗a species that is non-
native to the ecosystem under consideration and whose introduction causes or is likely to 
cause economic or environmental harm or harm to human health‖ (Federal Register)  
Beck et al. (2008) interpreted this definition to say that a non-native plant must cause 
negative impacts that outweigh its benefits in order to be termed ―invasive‖.  Many have 
asserted that since Mxg is a sterile triploid hybrid that does not produce viable seed that it 
poses no risk as an invasive weed (Jorgensen and Muhs 2001; Long et al. 2007).  Mxg 
has been grown in trials and commercial plantations in the EU for over 20 years, with no 
evidence of its being invasive (Long et al. 2007).  The most likely source of propagules 
for Mxg as a weed would be from past production fields or possibly the border of a 
production field, although lateral spread is slow (Speller 1993).  Harvey and Hutchens 
(1995) noted that Mxg would not likely be a weed problem and that plowing around Mxg 
fields would be an effective control measure since rhizomes are found mainly in the top 
10 cm.  Although other Miscanthus spp. are known to have self-seeding invasive 
potential, Mxg was identified as a plant that may be a good horticultural selection due to 
its non-invasive nature as 0% of its seeds germinated (Meyer and Tchida 1999). 
However, there are many reasons to be concerned about introducing new plant 
species into the U.S.  It is estimated that the economic impact of invasive plant species in 
the U.S. is over 13 billion USD annually (Westbrooks 1998).  Most attributes of an 
―ideal‖ energy crop are unfortunately also common to many invasive weed species 
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(Barney and Ditomaso 2008; Raghu et al. 2006).  Hybrids of cordgrass (Spartina spp.) 
provide evidence that triploidy does not guarantee continued sterility (Raghu and Davis 
2007).  Giant reed (Arundo donax), a plant that reproduces vegetatively, has spread in 
California waterways by rhizome fragmentation. 
Examples abound of past experiences with potentially beneficial plants being 
imported and subsequently becoming invasive weeds (Raghu and Davis 2007).  Of the 
235 woody plant species imported into North America, 85% were purposely introduced 
for landscaping and 14% for agriculture or forestry (Reichard and Hamilton 1997).  
Industrial hemp (Cannabis sativa), introduced with federal encouragement during the 
1930s to 1940s, can now be commonly found infesting roadsides. Kudzu (Puereria 
lobata) and Johnsongrass (Sorghum halepense L. (Pers.)), both introduced for forage and 
erosion control, have become major weed problems on agronomic and public lands 
throughout much of the southeastern U.S. (Raghu and Davis 2007)  Jubatagrass 
(Cortaderia jubata) was imported from South America as an ornamental and has since 
has become invasive, forming dense stands in coastal areas of California and Oregon 
(DiTomaso et al. 2008).  Various seeded Miscanthus spp. are currently listed as invasive 
or noxious weeds in Connecticut (Anonymous 2005), Hawaii (Anonymous 2006a) and 
Massachusetts (Anonymous 2006b).  Certain ornamental cultivars of Miscanthus spp., 
especially those of M. sinensis, also have become invasive in the U.S. due to production 
of fertile seed and are not recommended for ornamental plantings (Meyer and Tchida 
1999; Meyer 2004).  Introduction of seeds from all Miscanthus spp. into the U.S. requires 
a ―written permit issued under the authority of 7CFR319.24 or 7CFR 319.41‖ (subparts 
regarding quarantine for corn diseases and corn-like plants) and all other propagules are 
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restricted except from Canada (Anonymous 2009b).  The European Miscanthus 
Improvement project has recommended that any new genotype of Miscanthus spp. be 
sterile to avoid potential problems of invasiveness (Lewandowski et al. 2000). 
Before introducing a species into a new habitat, an analysis should first be made 
of the likelihood of that species becoming invasive.  The Australian-based Weed Risk 
Assessment (WRA) designed for Australia and New Zealand by Pheloung et al. (1999) 
has been modified, used and validated around the world (Barney and Ditomaso 2008; 
Gordon et al. 2008a; Gordon et al. 2008b) for predicting invasiveness.  The WRA uses a 
set of questions designed to be answered by quarantine personnel via a computer 
interface (Pheloung et al. 1999).  Scores range from -14 (benign species) to 29 (maximum 
invasiveness) with scores ≤ 0 predicting an unlikely invader, ≥ 6 predicting a likely 
invader, and those falling between requiring further evaluation.  The WRA was validated 
by a panel of experts from divergent disciplines—agriculturalists, conservationists, and 
botanists—and subjected to further analysis quantifying uncertainty of ratings (Caley et 
al. 2006; Pheloung et al. 1999).  Even though Mxg received a WRA score of -2 (unlikely 
invader), Barney and DiTomaso (2008) recommended that it should still go through a 
pre-introduction screening through ecological analyses.  Cousens (2008) further proposed 
that a ―nested sieves‖ system where any imported plant would be screened pre-entry 
(assumedly with a tool such as the WRA) and then monitored post-entry would be a 
necessary improvement to the current system.  In a document published by the Invasive 
Species Council of Melbourne, Australia, Low and Booth (2007) assert that the Florida 
statute 581.083 be used as a legislative model for all biofuels feedstock projects.  In part, 
the statute states:  
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―A person may not cultivate a nonnative plant, including a 
genetically engineered plant or a plant that has been introduced, for 
purposes of fuel production or purposes other than agriculture in plantings 
greater in size than 2 contiguous acres, except under a special permit 
issued by the department through the division, which is the sole agency 
responsible for issuing such special permits. Such a permit shall not be 
required if the department determines, in conjunction with the Institute of 
Food and Agricultural Sciences at the University of Florida, that the plant 
is not invasive and subsequently exempts the plant by rule…. Each 
permitholder shall maintain for each separate growing location a bond or a 
certificate of deposit in an amount determined by the department, but not 
less than 150 percent of the estimated cost of removing and destroying the 
cultivated plants.‖ (Florida Legislature 2009)   
 
1.4.2  Methods of Eradication 
 Currently there are no known peer-reviewed experiments investigating control or 
eradication in Mxg.  Harvey and Hutchens (1995) noted that Mxg is susceptible to 
glyphosate.  Powlson et al. (2005) commented that Mxg rhizomes were not difficult to 
destroy with plowing.  Speller (1993) suggested that an early spring application of 
glyphosate or fluazifop-P followed by additional summer applications and fall tillage 
would easily kill Mxg.  He also suggested the use of aerial spraying in the fall of the final 
year of production to permit alternative usage of the land the following season.  In the 
absence of documented methods of control and/or eradication in one species, 
investigating methods used to control plants with similar morphology and physiology is 
useful.  Since Mxg is a rhizomatous perennial grass, experiments involving other such 
plants may suggest methods or herbicides to control Mxg. 
Johnsongrass is a rhizomatous perennial weed common in production fields in 
many parts of the U.S.  McWhorter and Hartwig (1965) found that disking ten times prior 
to planting agronomic crops effectively controlled ~90% of rhizomes.  They noted that 
rhizome nodes act as a barrier in moisture loss, so cutting rhizomes into very short pieces 
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would quicken dehydration.  They also found that disking six times in combination with 
an application of dalapon provided similar results.  Gur et al. (1979) found that dalapon 
and MSMA, both in a tank mix and when applied sequentially, were highly effective at 
controlling Johnsongrass and Bermuda grass (Cynodon dactylon).  Parochetti 
(1973)(Parochetti 1973) found that dalapon + trifluralin provided 85–92% control of 
Johnsongrass.  He also found that dalapon plus various PRE herbicides provided 79% 
control after three years compared with 62% control using only PRE herbicides, disking 
two times and rototilling eight times. Glyphosate at 1.12 to 3.36 kg ae/ha followed by 
moldboard plowing 12–14 d after application provided the best control although control 
diminished over time due to regrowth occurring from rhizomes (Parochetti et al. 1975).  
Glenn et al. (1986) applied fluazifop-p-butyl at 0.3 and 0.6 kg ai/ha, sethoxydim at 0.3 
and 0.4 kg ai/ha, CGA-82725 at 0.4 and 0.6 kg ai/ha, HOE-00581 at 0.2 and 0.3 kg ai/ha 
and glyphosate at 33% v/v in conventional tillage and no-till fields and found that all 
treatments provided good control of Johnsongrass.  Mefluidide at 0.3 kg ai/ha provided 
the least control, and tillage of rhizomes was not necessary to provide good control with 
any herbicide treatment.  Repeated fall tillage should increase bud germination and 
expose more of the rhizome mass to killing temperatures, but experimental results 
showed low bud germination at colder temperatures (Monaghan 1979).  Johnsongrass 
winter survival is dependent on the depth of the rhizome which is directly related to cold 
tolerance (Warwick et al. 1986).  Survival is greatly reduced in the top 20 cm of soil 
where temperatures below 0°C for prolonged periods of time are likely.  This suggests 
that eradication may be enhanced by bringing rhizomes to the surface in the fall to allow 
freezing winter temperatures to reduce viability.   
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Wirestem muhly (Muhlenbergia frondosa) is a warm-season, rhizomatous, 
perennial weed found throughout the Midwest. It reproduces via rhizome and seeds and 
generally does not emerge until after corn and soybean planting in the Midwest 
(Labovitch et al. 1984).  Although seedlings are easily controlled with atrazine or 
chloracetamides, shoots from rhizomes are more difficult to control and require 
glyphosate or an acetyl CoA carboxylase (ACCase) inhibitor.  Lingenfelter and Curran 
(2007) evaluated glyphosate and several ACCase inhibitors at different rates and 
application timings in soybean and found that glyphosate, fluazifop, and clethodim 
provided better wirestem muhly control than sethoxydim or quizalofop.  Glyphosate 
applied between late-June and September provided the best end-of-season control and the 
lowest regrowth the following season.  Nandula et al. (1995) tested glyphosate and the 
ALS inhibitors nicosulfuron and primisulfuron in corn.  They found that pre-plant (PP) 
glyphosate never achieved greater than 22% control but POST glyphosate provided at 
least 96% control.  Neither ALS inhibitor achieved greater than 72% control.  Sikkemaa 
et al. (2007) tested five ALS inhibitors—rimsulfuron (15 g ai/ha), nicosulfuron (25 g 
ai/ha), nicosulfuron plus rimsulfuron (25 g ai/ha), foramsulfuron (35 g ai/ha), and 
primisulfuron (25 g ai/ha)—in corn.  They found that only foramsulfuron (89%) provided 
greater than 50% control of wirestem muhly.   
Phragmites (Phragmites australis), or common reed, is a C3 perennial grass with 
great potential for high biomass production and invasiveness.  It is endemic to North 
America, is found in freshwater or brackish areas and can grow to 1.5–4.0 m in height 
(Ailstock et al. 2001).  It produces abundant seed and propagates vegetatively via 
rhizomes and stolons.  Van Rensburg (1996) reported 80–100% control of Phragmites 
32 
 
under power lines in South Africa following aerial applications of glyphosate at 2160 g 
ai/ha and imazapyr at 500 g ai/ha.  A subsequent treatment the following spring was 
required to control regrowth.  Applications of glyphosate or imazapyr alone achieved 
only 50% mortality and reduction in height.  Ailstock et al. (2001) treated Phragmites 
with 2282 g ae/ha glyphosate in the fall with and without subsequent burning.  Both 
treatments provided effective control two seasons following the treatment but ensuing 
regrowth returned populations to near pre-treatment levels.  Derr (2008b) evaluated 
numerous herbicides for Phragmites control in the greenhouse and found that glyphosate 
and imazapyr provided the highest level of control with respect to shoot number (>99%), 
fosamine, nicosulfuron and imazapic significantly reduced shoot regrowth, and 
primisulfuron, sulfosulfuron and chlorflurenol did not control Phragmites.  Field 
experiments showed that imazapyr, at both spring and fall timings, provided the highest 
level of control (93% and 95%, respectively) followed by glyphosate (82% and 87%, 
respectively) and fosamine (44% and 71%, respectively).  In another experiment, Derr 
(2008a) screened numerous herbicides for Phragmites control and found that clethodim, 
fenoxaprop, fluazifop, sethoxydim, dithiopyr, MSMA, and quinclorac did not provide 
adequate control with respect to shoot number and above-ground biomass and that 
glyphosate was more effective than glufosinate.  Repeated mowing every 2, 4 or 8 wks 
provided 93, 81, and 69% at the end of the growing season, respectively.  Mowing either 
before or after a glyphosate application did not provide significantly better control the 
following spring than glyphosate alone.  However, regrowth occurred in every plot the 
following spring indicating that an eradication effort would need to continue past the first 
year to be effective. 
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Reed canarygrass (Phalaris arundinacea L.), another C3 grass, forms dense 
monocultures and is highly invasive.  Sethoxydim at 534 g ai/ha reduced seed production 
by over 90% and biomass production by 50%, but this effect was observed in the year of 
treatment only (Annen et al. 2005).  Miller et al. (2008) found that if reed canarygrass is 
adequately controlled prior to alder (Alnus rubra Bong) and willow (Salix lasiolepis 
Benth.) planting, mowing, mulching and spot treatments with glyphosate can provide 
good control.  They did, however, note that spot treatments are the most cost effective 
means.   
Jubatagrass (Cortaderia jubata) grows to 2–7 m tall in dense stands and 
reproduces asexually by seed via apomixis but can regenerate from fragmented tillers 
(Ditomaso 2000).  DiTimaso et al. (2008) found that glyphosate, applied at various rates 
and timings, provided at least 88% control.  Fluazifop and imazethapyr provided good 
results, but control was erratic seasonally and among years.  Sethoxydim did not provide 
over 20% control. 
Giant reed (Arundo donax), another C3 perennial grass, produces seed that is 
typically infertile and reproduces primarily via rhizomes.  It grows to 6–10 m tall in 
dense stands in riparian settings (Mack 2008; Spencer et al. 2008).  It has been proposed 
as a biofuels candidate in the southern U.S., most notably in Florida, but Mack (2008) 
asserted that the negative impacts outweigh the potential benefits.  He highlighted the 
ability of giant reed rhizomes to easily travel along waterways or with tillage and other 
equipment and successfully establish from very small pieces.  Spencer et al. (2008) found 
that glyphosate at 1.5, 3.0 and 5.0 % v/v effectively controlled giant reed during the same 
growing season but regrowth the following spring occurred at the lowest rate.   
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Other weed species that do not share as many similarities with Mxg may still 
provide some clues to effective Mxg control.  Hedge bindweed (Calystegia sepium) and 
Canada thistle (Cirsium arvense) may provide additional insights relative to the current 
discussion.  Hedge bindweed creeping roots (similar in function to rhizomes) extend well 
below the plow layer making regrowth after tillage possible.  Rask and Andreasen (2007) 
found that the optimum stage to employ tillage is when regenerative capacity would be 
lowest (approximately the 5–6 leaf stage).  They also found that drying the creeping roots 
for 48 or 96 h in a growth chamber significantly reduced production of above-ground 
biomass.  Canada thistle is perennial and spreads via vegetative ―cloning‖ through 
creeping roots.  Beck and Sebastian (2000) found that repeated mowing alone and prior 
to applications of picloram, chlorsulfuron, dicamba, clopyralid + 2,4-D did not 
consistently improve control at all sites.  Clay et al. (2006) found that the graminicides 
cycloxydim, propaquizafop and fluazifop-p-butyl were each effective at controlling 
certain annual grass weeds but only cycloxydim was effective at controlling rhizomatous 
perennial grasses.  They also commented that, according to product labels, control of 
rhizomatous grasses such as creeping bent (Agrostis stolonifera L.) and couch grass 
(Elytrigia repens (L.) Nevski) would require previous fragmentation of rhizomes.   
This research addresses two important aspects of Mxg production: herbicide 
options for weed control during establishment; and methods of controlling a mature stand 
of Mxg. 
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2.1 ABSTRACT 
Miscanthus x giganteus (Mxg) is a perennial, rhizomatous C4 grass being studied 
as a potential bioenergy feedstock.  Weed control during the first 1 to 2 growing seasons 
is essential for successful stand establishment.  Although no herbicides are currently 
labeled for use in Mxg, it is postulated that herbicides used on field corn (Zea maize) 
would be safe to use on Mxg.  Greenhouse experiments were conducted in 2007 and 2008 
to evaluate the response of Mxg to numerous preemergence (PRE) and postemergence 
(POST) herbicides applied at various rates.  Field experiments were conducted in 2008 
and 2009 with a limited selection of the herbicides used in the greenhouse experiments to 
evaluate the effects of PRE, POST and PRE+POST applications on Mxg.  Visible injury, 
shoot height and dry mass were measured to determine herbicide phytoxicity.  No 
herbicides with activity on only broadleaf weeds reduced biomass or produced visible 
injury in Mxg.  Several herbicides reduced yield or produced injury, and some herbicides, 
particularly those with significant activity on grass weeds, reduced dry mass and 
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produced visible injury.  With few exceptions, results support earlier reports that 
herbicides used in corn are safe to use on Mxg and provide new potential herbicide 
options safely used in establishing Mxg. 
Nomenclature: Acetochlor; atrazine; bromoxynil; clethodim; 2,4-D; dicamba; 
dimethenamid-p; foramsulfuron; halosulfuron; imazamox; imazapic; imazethapyr; 
isoxaflutole; mesotrione; nicosulfuron; pendimethalin; primisulfuron; S-metolachlor; 
saflufenacil; sethoxydim; tembotrione; topramezone; corn, Zea maize (L.); miscanthus, 
Miscanthus x giganteus Greef and Deuter ex Hodkinson and Renvoize. 
Key words: Herbicide injury, miscanthus herbicides, miscanthus weed control, 
miscanthus establishment, phytotoxicity. 
 
2.2  INTRODUCTION 
Miscanthus X giganteus Greef and Deuter ex Hodkinson and Renvoize (Mxg) is a 
perennial, rhizomatous, C4 grass that has been grown in the European Union (EU) for the 
last few decades as an energy crop (Hodkinson and Renvoize 2001; Jorgensen et al. 
2003).  It is native to East Asia but was imported to Denmark from Japan and has since 
been grown in the EU as a bioenergy crop.  Mxg is a triploid interspecific hybrid 
(2n=3x=57/58) and so is essentially sterile and must be propagated asexually (Linde-
Laursen 1993).  It is likely a cross between M. sinensis Anderss. (2n=2x=38) and M. 
sacchariflorus (Maxim.) Benth. and Hook. (2n=4x=76) although the taxonomy has not 
been fully resolved (Hodkinson et al. 2002; Scally et al. 2001).  Its primary use in the EU 
has been for combustion or co-combustion with coal in combined heat and power 
facilities (Wagenaar and VandenHeuvel 1997), although the focus of Mxg research and 
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production in the U.S. has been on producing a feedstock for the second-generation 
(cellulosic) ethanol industry. 
Mxg has several qualities of an ―ideal‖ energy crop such as high biomass yield, 
utilization of C4 photosynthesis, high light, water and nitrogen use efficiency, positive 
energy balance, negative carbon and greenhouse gas (GHG) balance, few pests and 
diseases, utilization of conventional harvesting equipment, minimum environmental 
impacts and maximum environmental benefits (Barney and Ditomaso 2008; Heaton et al. 
2004a; Heaton et al. 2004b).  Shoots generally emerge in mid- to late-April or when soil 
temperatures at 5 cm reach approximately 10°C.  Peak biomass is typically produced by 
late-summer or early-fall and all above-ground growth ceases with the first killing frost.  
In an optimum environment, Mxg can grow to 4–5 m in height.  Yields in the EU of 15–
20 Mg/ha from the third season on are commonly achieved (Clifton-Brown and 
Lewandowski 2002; Lewandowski et al. 1995).  Heaton et al. (2004b) found that Mxg 
yielded twice as much aerial biomass (22.4 Mg/ha) on average compared with 
switchgrass (Panicum virgatum) (10.3 Mg/ha) in a review of 97 and 77 worldwide 
observations, respectively.  Harvest is typically conducted during the winter or early 
spring when nutrient levels in the aerial biomass are lowest.  Harvest is delayed until at 
least the second growing season due to low biomass production during establishment.  
Lewandowski et al. (1995) estimate the stand viability to be 15–20 y.   
 Vegetative propagation can be done by either micro- or macro-propagation 
methods.  Micro-propagation is achieved by culturing callus tissue in vitro, multiplying 
on tillering medium, growing plantlets in a greenhouse and planting in the field 
(Lewandowski et al. 1995).  Macro-propagation is done by harvesting, dividing, and 
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planting rhizomes from a mature stand of Mxg (Christian and Haase 2001).  Cost 
estimates for establishing Mxg from rhizomes range from $1319/ha (Jorgensen 1995) to 
$4395/ha (Lewandowski et al. 2003)  It is clear that, though these estimates span a wide 
range, establishment of Mxg is an expensive endeavor compared to annual row crops.  
Cost assistance from the Biomass Crop Assistance Program (BCAP) administered by the 
Farm Service Agency of the United States Department of Agriculture (Anonymous 2009) 
will make this more affordable. 
 The establishment phase is generally two years although this depends on soil 
types, climate and general growing conditions.  Mxg competes poorly with weeds during 
the establishment phase dictating absolute the need for weed control (Christian and Haase 
2001; Lewandowski et al. 1995; Lewandowski et al. 2000).  Yields of herbaceous 
perennial species can be reduced by weed growth through resource competition (water, 
nutrients, light, space) and also through the production of allelochemicals (Buhler et al. 
1998).  The use of mechanical, cultural and chemical weed management will be 
necessary to protect this costly investment. 
In preparing for planting a perennial crop like Mxg, it is necessary to control 
existing weeds, especially perennials.  This can be accomplished with systemic, non-
selective herbicides such as glyphosate (Huisman et al. 1997).  Cultivation is typically 
conducted to prepare the planting bed and to remove existing weeds.  Depending on the 
method of planting, mechanical inter-row cultivation can also be done during the first 
growing season but generally would not be considered in the second year due to the risk 
of injury to the spreading rhizome system.  However, Schwarz et al. (1994) did use a 
rotary hoe between rows several times in the second year successfully and Bullard et al. 
51 
 
(1995) suggested that mechanical weed control through the first month after Mxg 
emergence could be used through the first three or four seasons.  After the second 
growing season, the canopy generally closes early in the season, reducing weed 
competition.  Buhler et al. (1998) also suggested using a companion crop such as corn to 
aid in competition against weeds which would provide some income during the year of 
Mxg establishment. 
Few herbicides are registered for use in certain Miscanthus spp. and those are 
labeled for ornamental plantings.  To date there are no herbicides registered for use in a 
biofuels planting of Mxg in the U.S.  It is likely that Mxg would be added to certain 
herbicide labels if there were a marked increase in biomass plantings of the crop.  
However, the likelihood of a new herbicide being discovered for use in Mxg is low given 
the recent reduction in herbicide discovery programs of major chemical companies 
(Fennimore and Doohan 2008).  Use of paraquat, applied at first shoot emergence of 
mature Mxg, has been used effectively as the desiccated shoots will be quickly replaced 
(Bullard et al. 1995).  Various PRE and POST herbicides have been used in the EU for 
weed control, and it is presumed that herbicides used in corn may be safe on Mxg 
(Bullard et al. 1995; Lewandowski et al. 2000).  Venturi et al. (1999) recommended 
herbicide applications during the first season and after each harvest.  Bullard et al. (1995) 
listed several herbicides successfully used in the EU in Mxg production, including 
photosystem II (PSII) inhibitors, plant growth regulators (PGRs), and acetolactate 
synthase (ALS) inhibitors.  Buhler et al. (1998) reported metolachlor was a herbicide that 
produced minimal injury in various warm-season perennial grasses.  Huisman et al. 
(1997) suggested using atrazine at 4 L/ha plus mineral oil at 3 L/ha the first year and 
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glyphosate at 3 L/ha prior to emergence the second year for effective weed control.  
Atrazine, which has both foliar and residual activity, has been very effective in 
establishing certain warm-season grasses such as switchgrass, but it is no longer 
registered for this use in most states (Buhler et al. 1998). 
No replicated experiments evaluating herbicide phytotoxicity in Mxg have been 
published in peer-reviewed publications.  The objective of this research was to evaluate 
various PRE and POST herbicides to identify herbicides that could be used safely in Mxg 
without causing injury or reducing yield. 
 
2.3  MATERIALS AND METHODS 
2.3.1 Greenhouse Experiments 
Response to PRE Herbicides.  Mxg rhizomes were harvested by hand from stands 
planted in 2004 in Urbana, IL.  Rhizomes were harvested in mid-September, cut to ~10 
cm lengths using a bypass hand pruner and kept in cold storage at 4°C.  The experiment 
was conducted as a factorial within a completely randomized design with six replications 
in each of two trials.  In each trial, treatments were applied within 3 d of planting.  
Potting medium was soil, perlite and torpedo sand (1:2:1 by wt), and rhizomes were 
planted 2 cm deep in 12.7 cm
2
 pots.  High-intensity-discharge metal halide lighting
1
 
provided supplementary lighting (800 µmol/m
2
/s photon flux at plant canopy level) for 
up to 12 h/d when outside irradiance was below 700 W/m
2
.  Temperatures were 
maintained between 22°C and 28°C over the course of the experiment. 
Herbicides evaluated and their respective 1x rates are listed in Table 2.1.  In trial 
1, the application rates were 1/2, 1 and 2x of commonly used field application rates in 
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corn with medium textured soils of 3% organic matter, while in trial 2 the rates were 1/2, 
1, 2 and 4x.  Treatments were applied using a compressed air spray chamber
2
 at 207 kPa 
with a traveling nozzle
3
 (XR80015) at an application rate of 187 L/ha.  The nozzle was 
maintained at approximately 45 cm above the soil surface.  Pots were watered 
immediately after treatment with 2 cm of water to incorporate the active ingredients into 
the soil and then approximately every other day as needed throughout each trial.  Length 
of the longest shoot and a visual assessment of herbicide injury were recorded twice 
weekly for 4 wks beginning approximately 2 wks after treatment.  Injury was rated on a 
scale from 0 (no injury symptoms) to 100 (no green tissue).  Following the last 
evaluation, shoots were cut at the soil level and dried for 48 h at 80°C.  Data were 
subjected to ANOVA using the MIXED procedure in SAS (SAS 2008).  Herbicide and 
rate were fixed effects while trial was considered a random effect.  Each herbicide and 
each application rate were combined to produce a given treatment, and comparisons with 
the control were conducted using linear contrasts at α=0.05.  Since the primary interest 
was whether the treatments decreased dry mass and height or caused injury, one-tailed 
tests were applied for all tests of significance using linear contrasts.  The estimation 
method used was residual maximum likelihood and the degrees of freedom were 
calculated with the Kenward-Roger method.  Data were also subjected to analysis using 
the CORR procedure in SAS (SAS 2008) at α=0.05.  Spearman rank-order correlation 
was used to identify correlations with injury rating (categorical data) and Pearson 
product-moment correlation was used to identify significant correlations among all other 
dependent variables. 
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Response to Additional PRE Herbicides.  A supplemental experiment was 
conducted in 2009 to expand the herbicides used in the previous PRE experiment.  
Isoxaflutole formulated with the safener cyprosulfamide
5
, at 105, 210 and 420 g ai/ha 
was included as well as isoxaflutole without a safener at 105, 210, and 420 g ai/ha to 
confirm previous results and to determine the efficacy of the safener in reducing injury to 
Mxg.   Three formulations of saflufenacil
6
 (N‘-[2-chloro-4-fluoro-5-(3-methyl-2,6-dioxo-
4-(trifluoromethyl)-3,6-dihydro-1(2H)-pyrimidinyl)benzyl]-N-isopropyl-N-
methylsulfamide) were also included.  Treatments included saflufenacil at 25, 50 and 100 
g ai/ha, saflufenacil + dimethanamid-P at 1220, 2440 and 4880 g ai/ha, and saflufenacil + 
imazethapyr at 95, 190 and 380 g ai/ha.  The experiment was conducted as a 5 by 3 
factorial within a randomized complete block design with six replications in each of two 
trials.  Each herbicide was applied at 1, 2 and 4x of commonly used field application rates 
in corn with medium textured soils of 3% organic matter or, in the case of the saflufenacil 
formulations, the expected application rates.  Rhizomes for both trials were harvested 
with a mechanical harvester on May 6 and stored at 4°C.  Rhizome segments 
(approximately 20 g) were planted on May 12 and June 18 for the first and second trials, 
respectively.  Planting, watering and herbicide applications were all conducted as 
described previously.  Weekly measurements of tallest shoot height and injury rating 
were taken for 4 wks beginning 2 wks after treatment and harvests were conducted as 
described previously.   The soil was then washed from the rhizomes and roots, and all 
below-ground biomass was also dried and weighed.  Data collected included height of the 
longest shoot, visible injury rating, shoot number per pot, above-ground dry mass and 
below-ground dry mass.  Data analysis was conducted as described previously.  
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Comparisons with the non-treated control, comparisons among saflufenacil formulations, 
and a comparison between isoxaflutole and isoxaflutole+safener were conducted using 
linear contrasts at α=0.05 with one-tailed tests of significance. 
Response to POST Herbicides.  Mxg rhizomes were hand-harvested from existing 
stands in Urbana, IL in mid-July 2007, cut into ~3 cm long segments and planted in cell 
packs for one month before being transplanted into 12.7 cm
2
 pots and grown for one 
month in the greenhouse.  A commercial potting medium
4
 was used for all plantings.  All 
environmental conditions in the greenhouse correspond to those in the PRE experiment.  
Shoots were cut with a bypass hand pruner at soil level and allowed to regrow to obtain 
uniformity in height.  Plants 30 to 50 cm tall were used in both trials. 
The experiment was conducted as a 16 by 3 factorial within a completely 
randomized design with three replications in each of two trials.  Herbicides evaluated at 
1x and their respective additives are listed in Table 2.1.  Application rates used were 1/2, 
1 and 2x of commonly used field application rates in corn.  Treatments were applied 
according to the procedure for the PRE experiment.  Irrigation was withheld for 24 h 
following treatment to allow for foliar absorption of the herbicides and then pots were 
watered approximately every other day as needed throughout each trial.  Measurements, 
harvest, and analysis of data were performed according to the procedure described for the 
PRE experiment.   
Statistical Model.  The statistical model for all greenhouse experiments was 
  [1] 
where yijkl is the observation of the l
th
 rep of the k
th
 application rate of the j
th
 treatment of 
the i
th
 trial, µ is the grand mean of the population,  is the random effect of the i
th
 trial 
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with mean 0 and variance ,  is the fixed effect of the j
th
 treatment,  is the fixed 
effect of the k
th
 application rate,  is the fixed interaction effect between the j
th
 
treatment of the k
th
 application rate,  is the random effect of the interaction between 
the i
th
 trial and the j
th
 treatment with mean 0 and variance ,  is the random effect of 
the interaction between the i
th
 trial and the k
th
 application rate with mean 0 and variance 
,  is the random effect of the interaction between the i
th
 trial and the j
th
 
application rate and the k
th
 treatment with mean 0 and variance , and  is the 
random error effect of the l
th
 rep of the i
th
 trial of the j
th
 application rate of the k
th
 
treatment with mean 0 and variance . 
 
2.3.2 Field Experiments 
Field experiments to evaluate Mxg sensitivity to various herbicides applied PRE 
or POST were conducted in 2008 and 2009 in Urbana, IL, at 40°4‘N, 88°11‘W.  The soils 
were Flanagan silt loam (fine, smectitic, mesic Aquic Argiudolls) and Drummer silt loam 
(fine-silty, mixed, superactive, mesic Typic Endoaquolls).  Fields used in both years were 
in a corn-soybean rotation prior to the experiment.  Plot size was 2.3 m by 3.8 m (four 
rows of six plants) with rhizomes planted at 76 cm spacing between and within rows. 
Rhizomes were cut to a uniform size (~10 cm) and planted 10 cm deep with a 2-row 
modified tree sapling planter on June 18, 2008, and planted on May 29 with a 2-row plug 
planter
7
.  One plot per replication was left untreated and hand weeded throughout the trial 
as a control and another plot was left untreated without weeding.  All herbicide 
applications were made at 168 L/ha with a CO2 backpack sprayer at 220 kPa and a 3.0 m 
boom equipped with six nozzles (AIXR110025) spaced 50 cm apart and held 50 cm 
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above the canopy.  Treated plots were hand-weeded and watered as needed throughout 
each trial.  When Mxg had emerged and grown to 50 cm (August 7, 2008 and July 13, 
2009), three plants in each plot were randomly chosen for subsampling.  Due to poor 
emergence rates in 2008, less than three plants were available in some plots and, for those 
plots, all plants were sampled.  Length of the longest shoot and a visual assessment of 
herbicide injury were recorded weekly for 6 wks.  Injury was rated on a scale from 0 (no 
injury symptoms) to 100 (no green tissue).  Above-ground dry biomass was harvested on 
September 17, 2008 and August 17, 2009.  Shoots were cut 2 cm above the soil level, 
dried for 48 h at 80°C and weighed.  Treatment of data was performed according to the 
procedure described for the greenhouse experiments.   
Response to PRE Herbicides.  The experimental design was a 4X3 factorial 
within a randomized complete block with three replications and subsampling.  Herbicides 
were applied immediately after planting at 1, 2 and 4x of commonly used field 
application rates in corn with medium textured soils of 3% organic matter.  Herbicides at 
1x included atrazine (1684 g ai/ha), isoxaflutole (87 g ai/ha), pendimethalin (1594 g 
ai/ha) and S-metolachlor (1785 g ai/ha).  Treatments were applied June 23, 2008 and May 
29, 2009.  Weekly measurements began when Mxg had emerged and grown to ~50 cm on 
average. 
Response to POST Herbicides.  The experimental design was a 4X3 factorial 
within a randomized complete block with three replications and subsampling.  Herbicide 
treatments were applied when Mxg had emerged and grown to ~50 cm on average at 1, 2 
and 4x of commonly used field application rates in corn.  Herbicides at 1x included 
bromoxynil (281 g ae/ha), dicamba (281 g ae/ha), imazamox (44 g ai/ha), and mesotrione 
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+ atrazine (106 g ai/ha and 561 g ai/ha, respectively).   Adjuvants added to the imazamox 
and mesotrione + atrazine treatments included 1% COC v/v and 2.5% AMS v/v.  
Imazamox, an imidizolinone, was included as a treatment even though it is not registered 
for use in most field corn (Anonymous 2008).  It is well known that variant genes 
conferring imidizolinone tolerance in several crops, including maize, have been found, 
and selective breeding has been employed to produce imidizolinone-tolerant maize since 
the 1990‘s (Tan et al. 2005).  This experiment investigated the possibility of such 
tolerance being present in the clone of Mxg grown in Illinois.  
Response to Sequential (SEQ) PRE Followed by POST Herbicides.  The 
experimental design was a 4X4 factorial within a randomized complete block with three 
replications and subsampling.  The PRE and POST herbicides described previously were 
applied in all possible combinations, each at their respective 1x rate.  All procedures and 
timings for PRE and POST herbicide applications followed those for the respective 
herbicide type.  
Statistical Model.  The statistical model for the PRE and POST field experiments 
was 
 [2] 
where yijklmn is the observation of the n
th
 subsample and the m
th
 rep and the l
th
 application 
rate and the k
th
 treatment and the j
th
 block and the i
th
 trial, µ is the grand mean of the 
population,  is the random effect of the i
th
 trial with mean 0 and variance ,  is the 
random effect of the j
th
 block nested within the i
th
 trial with mean 0 and variance ,  
is the fixed effect of the k
th
 treatment,  is the fixed effect of the l
th
 application rate,  
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is the fixed effect of the interaction between the l
th
 application rate and the k
th
 treatment, 
 is the random effect of the interaction between the i
th
 trial and the k
th
 treatment with 
mean 0 and variance ,  is the random effect of the interaction between the i
th
 trial 
and the l
th
 application rate with mean 0 and variance ,  is the random effect of 
the interaction between the i
th
 trial and the l
th
 application rate and the k
th
 treatment with 
mean 0 and variance ,  is the random error effect of the m
th
 rep and the l
th
 
application rate and the k
th
 treatment and the j
th
 block and the i
th
 trial with mean 0 and 
variance , and  is the random effect of the n
th
 subsample and the m
th
 rep and 
the l
th
 application rate and the k
th
 treatment and the j
th
 block and the i
th
 trial with mean 0 
and variance . 
 The statistical model for the SEQ field experiment was 
  [3] 
where yijklm  is the observation of the m
th
 subsample and the l
th
 rep and the k
th
 treatment 
and the j
th
 block and the i
th
 trial, µ is the grand mean of the population,  is the random 
effect of the i
th
 trial with mean 0 and variance ,  is the random effect of the j
th
 
block nested within the i
th
 trial with mean 0 and variance ,  is the fixed effect of the 
k
th
 treatment,  is the random effect of the interaction between the i
th
 trial and the k
th
 
treatment with mean 0 and variance ,  is the random error effect of the l
th
 rep and 
the k
th
 treatment and the j
th
 block and the i
th
 trial with mean 0 and variance , and 
 is the random effect of the m
th
 subsample and the l
th
 rep and the k
th
 treatment and 
the j
th
 block and the i
th
 trial with mean 0 and variance . 
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Failed Establishment.  Field experiments were conducted in 2007 at a site in 
Urbana, IL at 40°5‘N, 88°12‘W.  The soils were Catlin silt loam (fine-silty, mixed, 
superactive, mesic Oxyaquic Argiudolls) and Drummer silty clay loam (fine-silty, mixed, 
superactive, mesic Typic Endoaquolls).  The field had been in a corn-soybean rotation for 
several years followed by a three year fallow period.  Three experiments were conducted 
corresponding to the three field experiments described above.  Plot sizes were 1.5 m by 
1.8 m (three rows of four plants) with row spacing of 76 cm and within-row rhizome 
spacing of 60 cm.  Rhizomes were hand-harvested on May 30 from a stand established in 
2004, cut to roughly uniform size (~10 cm) with a bypass hand pruner, and then kept in 
cold storage at 4°C.  Rhizomes were planted on June 4 at a depth of ~10 cm using a 
modified 3-row tree sapling planter.  All plots were irrigated immediately following 
planting and then as needed throughout the season.  Measurements were taken weekly for 
4 wks beginning on July 24. 
 The Mxg failed to establish during these experiments in any of the plots.  Each 
rhizome produced a maximum of one tiller, the tallest being 35 cm.  Emergence rates per 
plot ranged from 15 to 22%.  Following the experiments, a soil test
8
 was performed on 
soils from each experiment using a mixture of three samples from each field.  See 
Appendix A for test results and interpretations.  Soil test results showed low sulfur and 
boron levels and very high zinc, manganese, iron and copper levels.  Another important 
result was a pH of 4.5 to 4.7.  Due to failed establishment and lack of significant 
treatment effects, the data from 2007 are not presented. 
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2.4  RESULTS AND DISCUSSION 
2.4.1  Greenhouse Experiments 
Response to PRE Herbicides.  Visible injury to Mxg at the time of harvest 
occurred from comparatively few treatments (Table 2.2).  No visible injury was observed 
from treatments containing acetochlor, atrazine, pendimethalin, or S-metolachlor 
regardless of application rate.  Injury from the two lowest application rates of 
imazethapyr and isoxaflutole did not differ from the untreated control, but injury 
significantly increased at the two highest application rates of each product.  Observed 
injury symptoms varied by herbicide, but generally consisted of stunting with some 
chlorosis for imazethapyr and stunting and bleaching of above-ground tissue for 
isoxaflutole.  Symptoms of injury began to be expressed within 21 days after plant 
emergence and persisted throughout the duration of the experiment. 
More treatments reduced shoot height than produced visible injury.  Similar to 
visible injury, the two highest application rates of imazethapyr reduced Mxg height 
compared with the nontreated.  The highest application rates of atrazine, isoxaflutole, and 
pendimethalin also reduced Mxg height.  Only the 1x application rate of acetochlor 
reduced shoot height.  Since shoot height was not reduced for the 2x or 4x rates of 
acetochlor, the reduced shoot height from the 1x rate may be more attributable to random 
variation in Mxg shoot height than an actual treatment effect. 
Reduction in Mxg dry mass was strongly correlated with shoot height reductions 
(0.7846, p<0.0001).  The highest application rate of atrazine, imazethapyr, isoxaflutole, 
and pendimethalin reduced Mxg dry mass compared with the untreated control.  Each of 
these treatments also reduced Mxg shoot height.  The 2x rate of isoxaflutole, while not 
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reducing shoot height, also reduced Mxg dry mass.  The 2x rate of imazethapyr did not 
significantly reduce dry mass but did reduce shoot height. 
These results suggest that all PRE herbicides tested may be safe to use on Mxg at 
lower use rates, but some active ingredients at higher rates would likely be injurious.  
Acetochlor and S-metolachlor did not affect dependent variables at any application rates 
evaluated, assuming the shoot reduction observed with acetochlor at 2447 g ai/ha was an 
outlier.  Atrazine and pendimethalin at the 4x rate reduced Mxg above-ground biomass 
and shoot height but did not produce visible injury symptoms.  Imazethapyr and 
isoxaflutole at 2x and 4x) had a consistently negative treatment effect on all measured 
variables. 
Response to Additional PRE Herbicides.  Treatments did not have a significant 
effect (p=0.8300) on shoot number; data are not presented.  Isoxaflutole with and without 
the safener caused significant visible injury to Mxg at the highest rate compared to the 
untreated control (Table 2.3).  Saflufenacil + imazethapyr also produced significant 
injury at the 2x and 4x rates compared to the untreated control.  Observed injury 
symptoms included stunting and chlorotic leaf striping with saflufenacil + imazethapyr 
and stunting and bleaching of above-ground tissue for isoxaflutole formulations.  
Symptoms of injury began to be expressed within 14 days after plant emergence and 
persisted throughout the duration of the experiment. 
Injury rating was not correlated with shoot height or dry mass although some 
similarities of treatment significance exist.  Reduction in shoot height compared to the 
control resulted from the highest rate of isoxaflutole but not from isoxaflutole with the 
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safener.  Saflufenacil + imazethapyr reduced Mxg shoot height at all rates evaluated 
while saflufenacil + dimethenamid-p reduced shoot height only at the 2x and 4x rates. 
There was a strong correlation between dry mass and shoot height (0.7747, 
p<0.0001).  Isoxaflutole at 2x and 4x reduced dry mass compared to the control while 
isoxaflutole + safener caused reduction only at the 2x rate.  Since dry mass was not 
reduced at the 1x or 4x rates of isoxaflutole + safener, dry mass reduction from the 2x 
rate may be more attributable to random variation in Mxg above-ground biomass 
production than an actual treatment effect.  Reduction in dry mass also occurred with the 
two highest rates of saflufenacil + imazethapyr and saflufenacil + dimethenamid-p 
compared to the control. 
Results for isoxaflutole from the supplemental PRE experiment agree with those 
from the original PRE experiment (see Tables 2.2 and 2.3).  When linear contrasts 
comparing isoxaflutole with and without cyprosulfamide at each application rate were 
analyzed, no significant differences for dry mass or injury ratings were found.  There was 
a significant difference in shoot height (p=0.0484) at the 4x rate.  These results suggest 
that cyprosulfamide does not confer isoxaflutole tolerance to Mxg at normal use rates. 
Since saflufenacil did not significantly affect Mxg with respect to any measured 
variable, it is likely that the injury and stunting observed with saflufenacil + 
dimethenamid-p and saflufenacil + imazethapyr were caused by dimethenamid-p and 
imazethapyr, respectively, or possibly some synergism between saflufenacil and these 
ingredients.  Saflufenacil + imazethapyr proved to be the most injurious to Mxg at both 
the 2x and 4x rates.  This concurs in part with results for imazethapyr from the PRE 
experiment.  These results suggest that saflufenacil may be safe to use on Mxg at 
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application rates as high as 4x.  Saflufenacil plus dimethenamid-p or imazethapyr may be 
safe to use at lower rates but further evaluation is required. 
Response to POST Herbicides.  Visible injury was caused by all evaluated rates of 
clethodim, imazethapyr, sethoxydim and topramezone and by the two highest rates of 
tembotrione compared to the control (Table 2.4).  Observed injury symptoms included 
chlorosis and necrosis of above-ground tissue with clethodim and sethoxydim,  chlorotic 
leaf striping with imazethapyr, and bleaching of above-ground tissue with tembotrione 
and topramezone.  Symptoms of injury began to be expressed within 10 days after 
herbicide application and persisted throughout the duration of the experiment. 
Injury rating was not correlated with either height or dry mass.  Only clethodim at 
the highest rate significantly reduced shoot height compared to the control.  Dry mass 
reduction occurred with clethodim and imazamox at all evaluated rates, foramsulfuron, 
nicosulfuron and sethoxydim at the two highest rates, and imazethapyr at the highest rate.  
Imazapic reduced dry mass at the two lowest evaluated rates.  Since reduction of dry 
mass did not occur with imazapic at the 4x rate, it may be that all evaluated rates of 
imazapic reduced dry mass and the lack of significance at the highest rate was more a 
result of variability inherent within Mxg. 
 These results suggest that all herbicides under evaluation with activity only in 
broadleaves—bromoxynil, 2,4-D and dicamba—would likely be safe to use on Mxg at 
rates as high as 4x.  Atrazine, although it does have activity in some grasses, also appears 
safe to use on Mxg at the rates tested.  These findings support the previously stated 
assumption that herbicides safely used in C4 cereal crops will be safe to use in Mxg 
(Bullard et al. 1995; Lewandowski et al. 2000).  The 4-hydroxyphenylpyruvate 
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dioxygenase enzyme (HPPD) inhibitors—mesotrione, tembotrione and topramezone—
did not significantly reduce dry mass or shoot height at the rates tested.  Mesotrione also 
did not produce significant visible injury and is likely safe to use on Mxg at the rates 
tested.  These findings are somewhat similar to those with sweet corn which had greater 
tolerance to tembotrione than topramezone or mesotrione in the greenhouse, although 
sweet corn is generally more susceptible to herbicides safely used in field corn (Bollman 
et al. 2008).  Since tembotrione and topramezone produced visible injury but did not 
affect either dry mass or shoot height, further research would need to be conducted with a 
longer observation period to determine the long-term safety of using these two herbicides 
in Mxg.  The acetyl-CoA carboxylase (ACCase) inhibitors—clethodim and 
sethoxydim—reduced dry mass and produced visible injury even at lower use rates and 
so are not likely safe to use in Mxg at the application rates tested.  Similar results with 
sethoxydim in Johnsongrass at similar application rates (Glenn et al. 1986) and clethodim 
in wirestem muhly (Lingenfelter and Curran 2007).  The acetolactate synthase (ALS) 
inhibitors—foramsulfuron, halosulfuron, imazapic, imazamox, imazethapyr, nicosulfuron 
and primisulfuron—were less consistent in their phytotoxic activity on Mxg.  Imazamox 
reduced dry mass and imazethapyr produced significant visible injury at all rates tested.  
Only halosulfuron and primisulfuron did not significantly affect measured parameters and 
would likely be safe to use on Mxg at the rates tested.  The remaining ALS inhibitors 
reduced dry mass or produced visible injury suggesting that these herbicides may not be 
safe to use in Mxg and would require further evaluation.  These findings are similar to 
those with foramsulfuron, nicosulfuron, and primisulfuron on wirestem muhly (Nandula 
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et al. 1995; Sikkema et al. 2007), imazethapyr on jubatagrass (DiTomaso et al. 2008) and 
imazapic, nicosulfuron and primisulfuron on common reed (Derr 2008). 
 
2.4.2  Field Experiments 
Response to PRE Herbicides.  Injury rating was not correlated with any other 
measured variable as Mxg showed no visible injury from any treatment by the time final 
observations were made (Table 2.5).  Isoxaflutole at the two highest rates caused 
bleaching of above-ground tissue within 14 days of emergence; however, the Mxg 
outgrew this injury by harvest time (data not shown).  Bleaching of tissue has been found 
to be reversible in soybean (Glycine max L.) as well (Wu et al. 2008).  Shoot number per 
plant was not affected by any herbicide treatment.  Only isoxaflutole at the highest rate 
reduced shoot height.  Reduction of dry mass was observed with isoxaflutole at the 2x but 
not the 4x rate.  This incongruity suggests that either both rates or neither rate reduced 
dry mass and that significance may be skewed by variability of Mxg growth. 
This field experiment confirmed results obtained in the greenhouse experiment.  
Atrazine, pendimethalin and S-metolachlor had no significant effect on measured 
variables at the application rates tested.  Bullard et al. (1995) also found that C4 crop-
specific herbicides like atrazine could be used safely in Mxg.  Higher rates of isoxaflutole 
reduced above-ground biomass production and temporarily produced tissue bleaching.  
The unweeded check treatment significantly reduced dry mass and shoot number 
compared to the hand-weeded control.  This was another confirmation of the necessity of 
weed control to ensure successful Mxg establishment (Christian and Haase 2001; 
Lewandowski et al. 1995; Lewandowski et al. 2000; Speller 1993). 
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Response to POST Herbicides.  Field experiments confirmed results obtained in 
the greenhouse experiments.   Bromoxynil, dicamba and mesotrione + atrazine had no 
significant effect on dry mass, shoot number, shoot height or visible injury at any 
evaluated rates, while imazamox had a significant effect on all variables at all rates 
(Table 2.5).  Observed injury symptoms with imazamox included stunting, purpling of 
the midrib, some chlorosis of leaf tissue, and epinasty including restricted leaf unfurling 
and unusual tillering from the above-ground stem.  Symptoms of injury began to be 
expressed within 7 days after herbicide application in both trials.  In the first trial, the 
Mxg outgrew most visible injury by harvest time while the severity of injury symptoms 
increased throughout the duration of the second trial.  Scarponi et al. (2001) found that 
one maize hybrid showed no apparent injury symptoms though certain biochemical 
pathways associated with the ALS enzyme were disrupted.  The results from the current 
experiment suggest that the Illinois clone of Mxg does not possess tolerance to imazamox 
since injury symptoms were clearly seen.  Bromoxynil, dicamba and mesotrione + 
atrazine, however, would likely be safe to use in Mxg at the rates tested.  The unweeded 
check treatment significantly reduced dry mass and shoot number which confirmed 
results from the PRE field experiment. 
Response to SEQ Treatments.  Results in this field experiment closely paralleled 
results from the PRE and POST experiments (Table 2.5).  All treatments including 
imazamox POST significantly affected dry mass, shoot height, shoot number and visible 
injury confirming results from the POST field experiment.  Timing and forms of injury 
symptoms resulting from imazamox treatments were the same as those described in the 
POST field experiment.  Treatments including bromoxynil POST significantly reduced 
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shoot number with three of the four PRE herbicides: isoxaflutole (p=0.0438); 
pendimethalin (p=0.0314); and S-metolachlor (p=0.0407).  Since bromoxynil did not 
significantly reduce shoot number in the POST field experiment, and since bromoxynil is 
known to control only broadleaf weeds (Anonymous 2005), these results suggest a 
possible interaction between bromoxynil and these PRE active ingredients.  Further 
research is needed to confirm this hypothesis.  Bromoxynil has been tank mixed with 
MCPA and clopyralid, both having some residual activity, and applied to M. 
sacchariflorus with no injury symptoms (Speller 1993).  A synergistic effect was 
observed with bromoxynil and clethodim on large crabgrass (Digitaria sanguinalis (L.)) 
(Tredaway et al. 1998)and with clomazone PRE or pendimethalin pre-plant incorporated 
(PPI) followed by bromoxynil on ivyleaf morningglory (Ipomoea hederacea (L.)) 
(Troxler et al. 2002).  The unweeded check treatment significantly reduced dry mass and 
shoot number confirming earlier results.  The results of this field experiment suggest the 
need for further research to determine the safety of sequential applications of PRE and 
POST herbicides that have been shown to be individually safe to use in Mxg. 
 
2.5  SOURCES OF MATERIALS 
1
 HID lighting, Voigt Lighting, 79 Commerce St., Garfield, NJ 07026-0409. 
2
 Track Sprayer, Allen Machine Works, 607 E. Miller Rd., Midland, MI 48640. 
3
 Spray nozzles, TeeJet Technologies, P.O. Box 7900, Wheaton, IL 60189-7900. 
4
 Commercial potting medium, Sunshine SB300 Universal, Sun Gro Horticulture, 15831 
NE 8
th
 St., Suite 100, Bellevue, WA 98008. 
5
 Isoxaflutole+safener: Balance® Flexx, Bayer CropScience LP, 2 T.W. Alexander 
Drive, Research Triangle Park, NC 27709. 
6
 Saflufenacil formulations, BASF Corporation, 26 Davis Drive, Research Triangle Park, 
NC 27709. 
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7
 RJ600 plug planter, RJ Equipment, 75 Industrial Ave., P.O. Box 1180, Blenheim 
Ontario NOP 1A0. 
8
 Soil Testing, Agricultural Soil Management, 2106 County Road 1000 E, Champaign, IL 
61822-9544. 
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2.8  TABLES 
Table 2.1. Herbicides used in greenhouse studies, their WSSA grouping and 1x 
application rate.  
Active Ingredient WSSA Group 1x Rate 
  g ai/ha 
PRE Experiment   
Acetochlor 15 2447 
Atrazine 5 2245 
Imazethapyr 2 71 
Isoxaflutole 27 79 
Pendimethalin 3 1605 
S-metolachlor 15 1785 
POST Experiment   
Atrazine
a
 5 2245 
Bromoxynil 6 281
e
 
Clethodim
a
 1 106 
2,4-D, 2-ethylhexyl ester
b
 4 528
e
 
Dicamba
bc
 4 561
e
 
Foramsulfuron
bd
 2 37 
Halosulfuron
a
 2 35 
Imazamox
ab
 2 44 
Imazapic
d
 2 106
e
 
Imazethapyr
ab
 2 71 
Mesotrione
ab
 27 101 
Nicosulfuron
a
 2 35 
Primisulfuron-methyl
a
 2 40 
Sethoxydim
a
 1 211 
Tembotrione
bdf
 27 90 
Topramezone
bd
 27 18 
a
 Crop oil concentrate added at 1% v/v, Herbimax
®
, Loveland Products, Inc., P.O. Box 
1286, Greeley, CO 80632. 
b
 Ammonium sulfate added at 2.5% v/v, N-Pak
TM
 AMS, WinField™ Solutions, MS 
5850, 1080 Cty Rd F West, Shoreview, MN 55126. 
c
 Non-ionic surfactant added at 1% v/v, Activator 90, Loveland Products, Inc., P.O. Box 
1286, Greeley, CO 80632. 
d
 Methylated seed oil added at 1% v/v, MSO
®
 Concentrate with Leci-Tech, Loveland 
Products, Inc., P.O. Box 1286, Greeley, CO 80632. 
e
 Rate given as grams acid equivalent rather than grams active ingredient. 
f
 The safener isoxadifen-ethyl (22.0 g ad./l) is added. 
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Table 2.2.  Mxg phytotoxicity results at harvest time from the greenhouse experiment 
with PRE herbicides.     
Herbicide Rate Dry mass 
a
 Shoot height Injury rating 
b
 
 g ai/ha g cm  
Untreated control – 0.9 52 0 
Acetochlor 1224 1.1 53 0 
 2447 0.6 38 * 0 
 4894 0.7 44 0 
 9788 0.7 45 0 
Atrazine 1123 0.8 49 2 
 2245 0.8 55 0 
 4490 0.6 43 0 
 8980 0.3 * 31 * 0 
Imazethapyr 35 0.9 50 0 
 71 0.8 42 0 
 142 0.5 33 * 6 * 
 284 0.4 * 34 * 17 * 
Isoxaflutole 40 0.6 43 3 
 79 0.5 45 0 
 158 0.4 * 44 7 * 
 316 0.2 * 36 * 19 * 
Pendimethalin 803 0.8 43 0 
 1605 0.8 48 0 
 3210 0.7 46 0 
 6420 0.3 * 35 * 0 
S-metolachlor 893 1.1 56 0 
 1785 0.8 50 0 
 3570 0.7 51 0 
 7140 0.8 56 0 
a
 Dry mass of above-ground biomass per pot. 
b
 Scale from 0 (no visible injury) to 100 (no green tissue). 
* Values in a column that are significantly lower than the control (for dry mass and 
height) or higher than the control (for injury) as calculated using linear contrasts at 
α=0.05. 
  
 
 
  
75 
 
Table 2.3. Mxg phytotoxicity results at harvest time from experiment with additional 
PRE herbicides.     
Herbicide Rate Dry mass 
a
 Shoot height 
Injury rating 
b
 
 g ai/ha g cm  
Untreated control – 3.3 126 0 
Isoxaflutole 105 3.2 129 0 
 210 1.9 * 105 5 
 420 1.7 *   93 *    8 * 
Isoxaflutole + safener 
c
 105 2.5 121 0 
 210 2.2 * 115 0 
 420 2.4 117   10 * 
Saflufenacil 25 3.6 120 2 
 50 3.2 123 0 
 100 3.2 122 0 
Saflufenacil + 
dimethanamid-p 
1220 
2.4 107 0 
 2440 1.9 * 102 * 0 
 4880 1.8 *   92 * 0 
Saflufenacil + imazethapyr 95 2.6 101 * 5 
 190 1.7 *   94 *   15 * 
 380 0.9 *   66 *   15 * 
a
 Dry mass of above-ground biomass per pot. 
b
 Scale from 0 (no visible injury) to 100 (no green tissue). 
c
 Safener was cyprosulfamide. 
* Values in a column significantly lower than the control (for dry mass and height) or 
higher than the control (for injury) as determined using linear contrasts at α=0.05. 
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Table 2.4. Mxg phytotoxicity results at harvest time from the greenhouse experiment with 
POST herbicides.     
Herbicide Rate Dry mass 
a
 Shoot height Injury Rating 
b
 
 g ai/ha g cm  
Untreated 
control 
– 1.7 45 4 
Atrazine 1123 1.9 52 0 
 2245 1.8 50 0 
 4490 2.4 54 10 
Bromoxynil 
c
 141 1.5 49 5 
 281 1.8 48 4 
 562 1.6 44 0 
Clethodim 58 1.1 * 41  58 * 
 106 0.9 * 38  71 * 
 212 0.8 * 31 *  71 * 
2,4-D 
c
 264 1.8 45 0 
 528 2.0 41 0 
 1056 1.5 48 5 
Dicamba 
c
 281 1.5 46 4 
 561 1.5 50 0 
 1122 1.9 54 0 
Foramsulfuron 19 1.3 42 15 
 37 1.1 * 38 4 
 74 1.1 * 41 8 
Halosulfuron 18 2.2 47 0 
 35 2.0 45 4 
 70 1.8 47 8 
Imazamox 22 1.1 * 42 13 
 44 1.1 * 41 0 
 88 1.0 * 38 4 
Imazapic 
c
 53 1.1 * 42 4 
 106 0.8 * 40 4 
 212 1.3 41 8 
Imazethapyr 36 1.3 42  25 * 
 71 1.7 45  21 * 
 142 0.9 * 40  17 * 
Mesotrione 51 1.7 49 0 
 101 1.6 53 0 
 202 1.4 47 4 
Nicosulfuron 18 1.3 42 0 
 35 1.0 * 37 0 
 70 1.1 * 39 8 
Primisulfuron 20 1.7 43 4 
 40 1.8 41 0 
 80 1.6 47 4 
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Table 2.4 (cont‘d.). 
Sethoxydim 106 1.3 41  17 * 
 211 0.8 * 39  25 * 
 422 1.1 * 41  46 * 
Tembotrione 45 1.8 50 4 
 90 1.7 54  17 * 
 180 1.7 49  25 * 
Topramezone 9 2.1 52  21 * 
 18 1.7 51  38 * 
 36 1.4 47  54 * 
a
 Dry mass of above-ground biomass per pot. 
b
 Scale from 0 (no visible injury) to 100 (no green tissue). 
c
 Herbicides with application rates given as grams acid equivalent rather than grams 
active ingredient. 
* Values in a column that are significantly lower than the control (for dry mass and 
height) or higher than the control (for injury) as calculated using linear contrasts at 
α=0.05. 
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Table 2.5. Mxg phytotoxicity results from field experiments at harvest time. 
Herbicide Rate Dry mass 
a
 Height 
Shoot 
number 
Injury 
rating 
b
 
 g ai/ha g cm per plant  
PRE 
Untreated control 
c
 – 45.0 117 15 0 
Atrazine 1684 43.5 118 14 0 
 3368 44.5 116 16 0 
 6736 39.3 107 15 0 
Isoxaflutole 87 50.8 117 16 0 
 174 29.6 * 108 12 0 
 348 34.9 102 * 14 0 
Pendimethalin 1594 39.4 110 14 0 
 3188 34.4 108 12 0 
 6376 50.7 117 17 0 
S-metolachlor 1785 40.3 113 14 0 
 3570 43.5 115 15 0 
 7140 47.1 115 15 0 
Unweeded check 
d
 – 22.5 * 113   7 * 0 
POST 
Untreated control – 46.1 119 16 0 
Bromoxynil 
e
 281 42.0 119 14 0 
 562 39.8 118 13 0 
 1124 39.1 114 15 0 
Dicamba 
e
 281 45.0 134 14 0 
 562 40.1 124 15 0 
 1124 39.9 125 13 0 
Imazamox 44 14.8 *   79 *   5 *  23 * 
 88 10.5 *   71 *   5 *  22 * 
 176   9.5 *   78 *   4 *  25 * 
Mesotrione +  
atrazine 
106 
561 
39.5 116 14 2 
 
212 
1122 
45.4 117 15 0 
 
424 
2244 
41.1 114 15 0 
Unweeded check – 21.3 * 111   7 * 1 
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Table 2.5 (cont‘d.).      
SEQ 
f
 
PRE POST     
Untreated control – 38.0 112 16 0 
Atrazine Bromoxynil 37.5 111 14 1 
 Dicamba 38.3 117 14 1 
 Imazamox 12.3 *   73 *   6 * 19 * 
 Mesotrione 40.5 113 15 1 
Isoxaflutole Bromoxynil 35.2 110 12 * 0 
 Dicamba 45.6 120 17 0 
 Imazamox 15.1 *   80 *   8 * 25 * 
 Mesotrione 41.6 112 16 1 
Pendimethalin Bromoxynil 31.9 106 12* 0 
 Dicamba 34.9 120 13 1 
 Imazamox 15.0 *   77 *   7 * 24 * 
 Mesotrione 38.4 113 13 0 
S-metolachlor Bromoxynil 33.8 114 12 * 2 
 Dicamba 44.2 120 16 0 
 Imazamox 14.4 *   76 *   7 * 25 * 
 Mesotrione 35.9 111 13 1 
Unweeded check – 21.5 * 111   9 * 0 
a
 Dry mass of above-ground biomass per subsample. 
b
 Scale from 0 (no visible injury) to 100 (no green tissue). 
c
 Hand weeded with no herbicide applied. 
d
 Unweeded with no herbicide applied. 
e
 Herbicides with application rates given as grams acid equivalent rather than grams 
active ingredient. 
f
 Sequential applications of PRE (1x) followed by POST (1x). 
* Values within a column that are significantly lower than the control (for dry mass, 
shoot height and shoot number) or higher than the control (for injury) as calculated using 
linear contrasts at α=0.05. 
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3.1  ABSTRACT 
Miscanthus x giganteus (Mxg) is a perennial C4 grass native to East Asia being 
studied as a potential bioenergy feedstock in the U.S.  It is a triploid sterile hybrid with an 
extensive rhizome mass and high biomass potential.  Adoption of a perennial crop by 
U.S. growers is likely to be met with skepticism unless methods of eradication are 
established.  Experiments were conducted from 2007 to 2009 to evaluate several methods 
of controlling Mxg.  A glyphosate dose response experiment showed that Mxg 
greenhouse-grown plantlets are controlled with glyphosate rates as low as 360 g ae/ha.  A 
field experiment with a mature stand of Mxg involving fall and spring applications of 
glyphosate (1730 g ae/ha) showed that fall, spring, and fall + spring applications 
significantly reduced above-ground biomass the summer following spring treatments and 
that summer shoot number was significantly reduced with sequential fall and spring 
applications.  A second field experiment with mature Mxg demonstrated that both tillage 
and a single glyphosate application (2530 g ae/ha) significantly reduced above-ground 
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dry biomass, and that tillage in combination with one or two glyphosate applications 
provided the highest level of control in the same growing season.  A third field 
experiment with mature Mxg examined the feasibility of planting glyphosate-resistant 
soybean directly into a mature stand of Mxg without significant yield reduction.  Results 
showed that soybean yield was not reduced when one (1740 g ae/ha) or two sequential 
(1740 g ae/ha + 790 g ae/ha) glyphosate applications were made in-crop compared with a 
weed-free control.  One soybean field was subsequently rotated to glyphosate-resistant 
corn in 2009 with the same treatment scheme.  Corn yield results were similar to those 
from the soybean experiment.  The Mxg population was also reduced from the previous 
season, but complete eradication was not achieved.  These experiments indicate that 
tillage and glyphosate can control a mature Mxg stand, but treatments will need to be 
employed for at least two growing seasons for complete eradication. 
Nomenclature: Glyphosate; corn, Zea mays (L.); soybean, Glycine max (L.) Merr. 
Key words: Miscanthus eradication, Miscanthus control, glyphosate-resistant crops, 
tillage 
 
3.2  INTRODUCTION 
Miscanthus X giganteus Greef and Deuter ex Hodkinson and Renvoize (Mxg) is a 
perennial, rhizomatous, C4 grass grown in the European Union (EU) as an ornamental 
and, more recently, an energy crop (Hodkinson and Renvoize 2001; Jorgensen et al. 
2003).  It is also known as M. x ogiformis Honda ‗Giganteus‘ (Linde-Laursen 1993), M. 
giganteus, M. sinensis ‗Giganteus‘ and M. x giganteus Greef and Deuter (Clifton-Brown 
et al. 2000; Hodkinson et al. 2002a; Hodkinson and Renvoize 2001).  It is indigenous to 
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East Asia from southern Russia to northern Southeast Asia.  It was imported to Denmark 
from Japan in 1935 as an ornamental and has since been grown in the EU for heat and 
power generation (Wagenaar and VandenHeuvel 1997).  Mxg is a triploid interspecific 
hybrid (2n=3x=57/58) and is essentially sterile and must be propagated asexually (Linde-
Laursen 1993).  It is likely a cross between M. sinensis Anderss. (2n=2x=38) and M. 
sacchariflorus (Maxim.) Benth. and Hook. (2n=4x=76) (Hodkinson et al. 2002b; Scally 
et al. 2001).  Hybridization and polyploidy are common in Miscanthus spp., and there are 
known hybrids of M. sinensis and M. sacchariflorus in addition to Mxg (Lledo et al. 
2001).   
Mxg is clump-forming with minimum to moderate lateral spreading over time.  A 
study of rhizome and root growth showed that, on average, Mxg produced 1.7 Mg/ha/yr 
of rhizome mass between the first and seventh growing seasons (Riche and Christian 
2001).  Shoots generally emerge in mid- to late-April or when soil temperatures at 5 cm 
reach approximately 10°C.  Nutrient concentrations in the rhizomes generally decline 
from emergence until mid-summer to enable above-ground growth, and then increase 
through to February as nutrients are translocated to subterranean biomass (Beale and 
Long 1997).  In an optimum environment, Mxg can grow 4 to 5 m tall.  Peak biomass is 
typically produced by late-summer or early-fall and all above-ground growth ceases with 
the first killing frost.  Harvest is typically conducted during the winter or early spring 
when nutrient levels in the aerial biomass are lowest.  Lewandowski et al. (1995) estimate 
stand longevity to be 15 to 20 y.   
Several challenges exist in establishing a stand of Mxg (Lewandowski et al. 
2000).  Only one genotype of Mxg was available in Europe during the 1990‘s, so 
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essentially all plantings in the EU share the same genetic base (Lewandowski et al. 2003).  
Though Mxg exhibits a high level of winter hardiness compared with other C4 plants, 
mortality in the first winter is one of the key factors limiting Mxg establishment in 
northern climates (Jorgensen et al. 2003).  Macro-propagation using rhizome segments is 
preferable to micro-propagation using plantlets due to greater winter hardiness and lower 
cost (Christian et al. 2005; Heaton et al. 2004b; Jorgensen 1995; Lewandowski et al. 
2000; Lewandowski et al. 2003).  Using a rotary cultivator will produce ~35 segments 
from a single clump although as many as 100 rhizome segments can be hand-harvested 
from a single plant (Jorgensen 1995).  It is essential that planting occur as soon as 
possible after harvesting so rhizome pieces do not dry out (Christian and Haase 2001; 
Huisman and Kortleve 1994; Jorgensen 1995; Lewandowski et al. 2000; Venturi et al. 
1999).  Emergence rates from rhizomes planted directly from harvesting range from 70 to 
95% (Huisman and Kortleve 1994; Venturi et al. 1999) but were much lower (50 to 60%) 
for rhizomes held in cold storage (Christian and Haase 2001).   
The least expensive method of propagating a perennial grass crop is from seed.  
Though Mxg does not normally produce seed, other Miscanthus spp. do produce seed and 
have similar biomass yields (Christian et al. 2005).  Even if propagation via seed 
production could be accomplished, two impediments would need to be overcome.  First, 
direct sowing would likely not work for higher latitudes of the Midwest U.S. due to lack 
of winter hardiness of first-year plantlets (Christian and Haase 2001).  Second, since 
Miscanthus spp. are not native to the U.S., the likelihood of their becoming a noxious 
weed may be great, as has been observed with some M. sinensis and M. sacchariflorus 
seed-producing cultivars originally planted as ornamentals (Anonymous 2005; 
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Anonymous 2006b; Meyer and Tchida 1999; Meyer 2004).  Research is underway to 
manipulate certain seed-producing Miscanthus spp. not to flower (or flower late in the 
season) at Midwest latitudes, potentially avoiding a noxious weed scenario and 
improving yields since photosynthates would not be wasted on reproductive parts 
(Speller 1993).   
 Executive Order 13112 defines an invasive species as ‗‗a species that is non-
native to the ecosystem under consideration and whose introduction causes or is likely to 
cause economic or environmental harm or harm to human health‖ (Federal Register)  
Beck et al. (2008) interpreted this definition to imply that a non-native plant must cause 
negative impacts that outweigh its benefits in order to be termed ―invasive‖.  Many have 
asserted that, since Mxg is a sterile triploid hybrid that does not produce viable seed, it 
poses no risk as an invasive weed (Jorgensen and Muhs 2001; Long et al. 2007).  Mxg 
has been grown in research trials and commercial plantations in the EU for over 20 years 
with no evidence of its being invasive (Long et al. 2007).  The most likely source of 
propagules for Mxg as a weed would be from past production fields or possibly the 
border of a production field, although lateral spread is slow (Speller 1993).  Harvey and 
Hutchens (1995) noted that Mxg would not likely be a weed problem and that deep 
plowing around Mxg fields would be an effective control measure since rhizomes are 
found mainly in the top 10 cm.  Although other Miscanthus spp. are known to have self-
seeding invasive potential, Mxg was identified as a plant that may be a good horticultural 
selection due to its non-invasive nature (Meyer and Tchida 1999). 
However, there are many reasons to be concerned about introducing new plant 
species into the U.S.  It is estimated that the economic impact of invasive plant species in 
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the U.S. is over $13 billion annually (Westbrooks 1998).  Mxg has several qualities of an 
―ideal‖ energy crop such as high biomass yield, high light, water and nitrogen use 
efficiency, no or few pests and diseases, and long stand viability (Barney and Ditomaso 
2008; Heaton et al. 2004a; Heaton et al. 2004b).  Unfortunately, these attributes are also 
common to many invasive weed species (Barney and Ditomaso 2008; Raghu et al. 2006).  
Hybrids of cordgrass (Spartina spp.) provide evidence that triploidy does not guarantee 
continued sterility (Raghu and Davis 2007).  Giant reed (Arundo donax), a plant that 
reproduces vegetatively, has spread in California waterways by rhizome fragmentation. 
Examples abound of potentially beneficial plants being imported and 
subsequently becoming invasive weeds (Raghu and Davis 2007).  Industrial hemp 
(Cannabis sativa) can now be commonly found infesting roadsides. Kudzu (Puereria 
lobata) and Johnsongrass (Sorghum halepense L. (Pers.)), both introduced for forage and 
erosion control, have become major weed problems on agronomic and public lands 
throughout much of the southeastern U.S. (Raghu and Davis 2007).  Jubatagrass 
(Cortaderia jubata) was imported from South America as an ornamental and has since 
has become invasive, forming dense stands in coastal areas of California and Oregon 
(DiTomaso et al. 2008).  Various seeded Miscanthus spp. are currently listed as invasive 
or noxious weeds in Connecticut (Anonymous 2005), Hawaii (Anonymous 2006a) and 
Massachusetts (Anonymous 2006b).  Certain ornamental cultivars of Miscanthus spp., 
especially those of M. sinensis, also have become invasive in the U.S. due to production 
of fertile seed and are not recommended for ornamental plantings (Meyer and Tchida 
1999; Meyer 2004).  The European Miscanthus Improvement project has recommended 
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that any new genotype of Miscanthus spp. be sterile to avoid potential problems of 
invasiveness (Lewandowski et al. 2000). 
Before introducing a species into a new habitat, an analysis should first be made 
of the likelihood of that species becoming invasive.  The Australian-based Weed Risk 
Assessment (WRA) designed for Australia and New Zealand by Pheloung et al. (1999) 
has been modified, used and validated around the world (Barney and Ditomaso 2008; 
Gordon et al. 2008a; Gordon et al. 2008b) for predicting invasiveness.  Scores range from 
-14 (benign species) to 29 (maximum invasiveness) with scores ≤ 0 predicting an 
unlikely invader, ≥ 6 predicting a likely invader, and those falling between requiring 
further evaluation.  Though Mxg received a WRA score of -2, Barney and DiTomaso 
(2008) recommended that it should still go through a pre-introduction screening through 
ecological analyses.  Cousens (2008) further proposed that a ―nested sieves‖ approach—
pre-entry screening followed by post-entry monitoring—would be a necessary 
improvement to the current system.  In a document published by the Invasive Species 
Council of Melbourne, Australia, Low and Booth (2007) suggested that the Florida 
statute 581.083 be used as a legislative model for all biofuels feedstock projects.  In part, 
the statute states:  
―A person may not cultivate a nonnative plant, including a 
genetically engineered plant or a plant that has been introduced…except 
under a special permit issued by the department through the 
division….Such a permit shall not be required if the department 
determines…that the plant is not invasive and subsequently exempts the 
plant by rule…. Each permitholder shall maintain for each separate 
growing location a bond or a certificate of deposit in an amount 
determined by the department, but not less than 150 percent of the 
estimated cost of removing and destroying the cultivated plants.‖ (Florida 
Legislature 2009)   
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Currently there are no known peer-reviewed publications investigating control or 
eradication of Mxg.  Harvey and Hutchens (1995) noted that Mxg is sensitive to 
glyphosate.  Powlson et al. (2005) commented that Mxg rhizomes were not difficult to 
destroy with plowing.  Speller (1993) postulated that an early spring application of 
glyphosate or fluazifop-P followed by additional summer applications and fall tillage 
would easily kill Mxg.  He also suggested the use of aerial spraying in the fall of the final 
year of production to permit alternative usage of the land the following season.  In the 
absence of documented methods of control and/or eradication in one species, 
investigating methods used to control plants with similar morphology and physiology is 
useful.  Since Mxg is a rhizomatous perennial grass, experiments involving similar plants 
may suggest methods or herbicides to control Mxg. 
Johnsongrass is a rhizomatous perennial plant common in agronomic production 
fields in many parts of the U.S.  McWhorter and Hartwig (1965) found that disking ten 
times prior to planting agronomic crops effectively controlled ~90% of rhizomes.  They 
noted that rhizome nodes act as a barrier in moisture loss, so cutting rhizomes into very 
short pieces would quicken dehydration.  Glyphosate at 1120 to 3360 g ae/ha followed by 
moldboard plowing 12 to 14 d after application provided the best control although control 
diminished over time due to regrowth occurring from rhizomes (Parochetti et al. 1975).  
Glenn et al. (1986) applied fluazifop-p-butyl at 300 and 600 g ai/ha, sethoxydim at 300 
and 400 g ai/ha, CGA-82725 at 400 and 600 g ai/ha, HOE-00581 at 200 and 300 g ai/ha 
and glyphosate at 33% v/v in conventional tillage and no-till fields and found that all 
treatments provided good control of Johnsongrass.  Repeated fall tillage should increase 
bud germination and expose more of the rhizome mass to killing temperatures, but 
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experimental results showed low bud germination at colder temperatures (Monaghan 
1979).  Johnsongrass winter survival is dependent on the depth of the rhizome which is 
directly related to cold tolerance (Warwick et al. 1986).  Survival is greatly reduced in the 
top 20 cm of soil where temperatures below 0°C for prolonged periods of time are likely.  
This suggests that eradication may be enhanced by bringing rhizomes to the surface to 
allow freezing winter temperatures to reduce viability.   
Wirestem muhly (Muhlenbergia frondosa), a warm-season, rhizomatous, 
perennial grass found throughout the Midwest, reproduces via rhizome and seeds 
(Labovitch et al. 1984).  Although seedlings are easily controlled with atrazine or 
chloracetamides, shoots from rhizomes are more difficult to control and require 
glyphosate or an acetyl CoA carboxylase (ACCase) inhibitor.  Lingenfelter and Curran 
(2007) evaluated glyphosate and several ACCase inhibitors at different rates and 
application timings in soybean and found that glyphosate, fluazifop, and clethodim 
provided better wirestem muhly control than sethoxydim or quizalofop.  Glyphosate 
applied between late-June and September provided the best end-of-season control and the 
lowest regrowth the following season.  Sikkema et al. (2007) found that foramsulfuron 
provided 89% control of wirestem muhly.   
Phragmites (Phragmites australis), or common reed, is a C3 perennial grass with 
great potential for high biomass production and invasiveness.  It produces abundant seed 
and propagates vegetatively via rhizomes and stolons.  Van Rensburg (1996) reported 
80–100% control of Phragmites under power lines in South Africa following aerial 
applications of glyphosate at 2160 g ai/ha and imazapyr at 500 g ai/ha.  A subsequent 
treatment the following spring was required to control regrowth.  Applications of 
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glyphosate or imazapyr alone achieved only 50% mortality and reduction in height.  
Ailstock et al. (2001) treated Phragmites with 2282 g ae/ha glyphosate in the fall with and 
without subsequent burning.  Both treatments provided effective control two seasons 
following the treatment, but ensuing regrowth returned populations to near pre-treatment 
levels.  Derr (2008b) evaluated numerous herbicides for Phragmites control in the 
greenhouse and found that both glyphosate and imazapyr provided the highest level of 
control (>99%).  Field experiments showed that imazapyr, at both spring and fall timings, 
provided the highest level of control (93% and 95%, respectively) followed by 
glyphosate (82% and 87%, respectively).  In another experiment, Derr (2008a) found that 
clethodim, fenoxaprop, fluazifop, sethoxydim, dithiopyr, MSMA, and quinclorac did not 
provide adequate control and that glyphosate was more effective than glufosinate.  
Repeated mowing every 2, 4 or 8 wks provided 93, 81, and 69% at the end of the 
growing season, respectively.  Mowing either before or after a glyphosate application did 
not provide significantly better control the following spring than glyphosate alone.  
However, regrowth occurred in every plot the following spring indicating that an 
eradication effort would need to continue past the first year to be effective. 
Reed canarygrass (Phalaris arundinacea L.), another C3 grass, forms dense 
monocultures and is highly invasive.  Sethoxydim at 534 g ai/ha reduced seed production 
by over 90% and biomass production by 50%, but this effect was observed in the year of 
treatment only (Annen et al. 2005).  Jubatagrass (Cortaderia jubata) grows to 2 to 7 m 
tall in dense stands and reproduces asexually by seed via apomixis, but also regenerates 
from fragmented tillers (Ditomaso 2000).  DiTimaso et al. (2008) found that glyphosate, 
applied at various rates and timings, provided at least 88% control.  Fluazifop and 
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imazethapyr provided good results, but control was erratic seasonally and among years.  
Sethoxydim did not provide over 20% control. 
Giant reed (Arundo donax), another C3 perennial grass, produces seed that is 
typically infertile and reproduces primarily via rhizomes.  It grows to 6–10 m tall in 
dense stands in riparian settings (Mack 2008; Spencer et al. 2008).  Mack (2008) 
highlighted the ability of giant reed rhizomes to easily travel along waterways or with 
tillage and other equipment and successfully establish from very small pieces.  Spencer et 
al. (2008) found that glyphosate at 1.5, 3.0 and 5.0% v/v effectively controlled giant reed 
during the same growing season but regrowth the following spring occurred at the lowest 
rate.  Hedge bindweed (Calystegia sepium) may provide additional insights.  Hedge 
bindweed creeping roots extend well below the plow layer making regrowth after tillage 
possible.  Rask and Andreasen (2007) found that the optimum stage to employ tillage is 
when regenerative capacity would be lowest (approximately the 5 to 6 leaf stage).  They 
also found that drying the creeping roots for 48 or 96 h in a growth chamber significantly 
reduced production of above-ground biomass. 
It is necessary to determine whether methods used successfully in controlling 
other perennial, rhizomatous grass species would also be effective in controlling Mxg.  
The objective of this research was to evaluate the efficacy of various methods including 
tillage and glyphosate at different rates and timings at controlling a mature stand of Mxg.  
An additional experiment evaluating various herbicides and mowing frequencies to 
control Mxg was also conducted, but will not be presented with the current experiments 
(see Appendix C). 
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3.3  MATERIALS AND METHODS 
3.3.1  Glyphosate Dose Response Experiment 
Dose Response.  A greenhouse experiment was conducted in 2008 to determine 
the dose response of Mxg to glyphosate
1
.   The experiment was conducted as a 
randomized complete block with five or six replications and twice repeated.  Glyphosate 
was applied at incremental rates ranging from 3.6 to 3600 g ae/ha equally spaced along a 
base 3.16 logarithmic scale according to Patzoldt et al. (2005).  Ammonium sulfate 
(AMS) was added at 2.5% v/v.  Two control plants were included, one receiving no 
treatment and one receiving AMS alone.   
Mxg rhizome clumps were hand-harvested and cleaned with compressed air and 
mechanical agitation.  Rhizomes were cut into segments, weighed, and one or two 
segments placed in each pot to achieve a target mass of 20 g per pot.  Rhizomes were 
planted at a depth of 2 cm in 12.7 cm
2
 pots using a commercial potting medium
2
.  Pots 
were watered daily for one month before treatments were applied. 
Plant heights after 1 mo (40 to 100 cm) were not uniform and the experiment was 
blocked according to plant height and greenhouse bench location after treatment.  
Treatments were applied using a compressed air spray chamber
3
 at 207 kPa with a 
traveling nozzle
4
 (XR80015) at an application rate of 187 L/ha.  The nozzle was 
maintained at approximately 45 cm above the plant canopy.  Irrigation was withheld for 
24 h following treatment to allow for foliar absorption of the herbicide and then pots 
were watered daily throughout each trial.  High-intensity-discharge metal halide lighting
5
 
provided supplementary lighting (800 µmol/m
2
/s photon flux at plant canopy level) for 
up to 12 h/d when outside irradiance was below 700 W/m
2
.  Temperatures were 
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maintained between 23°C and 30°C over the course of the experiment.  Plants were rated 
weekly for 2 wks for visible herbicide injury on a scale from 0 (no injury symptoms) to 
100 (no green tissue).  Shoots were cut at the soil level 2 wks after treatment and dried 
for 48 h at 80°C to obtain final above-ground dry mass yield.  Data were subjected to 
ANOVA using the MIXED procedure in SAS (SAS 2008).  Herbicide rate was a fixed 
effect while trial and block were considered random effects.  Comparisons with the 
control (plants receiving AMS alone) were conducted using Dunnett‘s t-test at α=0.05.  
Since the main concern was whether the treatments decreased dry mass and height or 
increased injury, one-tailed tests were applied.  The estimation method used was type 3 
and the degrees of freedom were calculated with the Kenward-Roger method.  Normality 
was verified by examining a plot of the residuals. 
Below- Versus Above-Ground Growth.  In order for a systemic herbicide to 
control a rhizomatous perennial plant, it must be applied to a sufficient surface area for 
uptake and translocation to the entire living rhizome mass.  Therefore, it is important to 
understand how much leaf and stem surface area a Mxg plant of a certain age has 
compared to the below-ground biomass.  An initial investigation was conducted on new 
plantlets derived from rhizomes.  To determine the ratio of below-ground biomass to both 
above-ground biomass and total leaf area, one untreated plantlet from each block in the 
above experiment was cut at the soil line and the leaves removed 1 mo after planting.  To 
obtain an approximation of the maximum absorption surface area for each plant, each leaf 
and stem were traced on a sheet of paper according to Nobel et al. (1992).  The shapes 
were then cut out and a ratio of the mass of the whole sheet of paper to the mass of the 
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cut-out shapes was obtained.  The total area of the whole sheet of paper was then used to 
calculate the estimated maximum surface area of each plant using the following formula. 
   [1] 
The dissected stems and leaves were then dried for 48 h at 80°C to obtain total above-
ground dry biomass. 
 To obtain the mass of the below-ground portion of each plant, soil was gently 
shaken from the root and rhizome mass which was then rinsed with water.  In those pots 
where more than one rhizome segment had been planted, only the living rhizomes and 
corresponding roots were used.  The rhizomes and roots were then dried for 48 h at 80°C 
to obtain total dry below-ground biomass.  Data were subjected to Pearson product-
moment correlation analysis using the CORR procedure in SAS (SAS 2008) at α=0.05. 
Statistical Model.  The statistical model for this experiment was 
 
where yijk is the observation of the i
th
 trial and the j
th
 block and the k
th
 treatment, µ is the 
grand mean of the population,  is the random effect of the i
th
 trial with mean 0 and 
variance , bj  is the random effect of the j
th
 block with mean 0 and variance ,  is 
the fixed effect of the k
th
 treatment,  is the random effect of the interaction between 
the i
th
 trial and the k
th
 treatment with mean 0 and variance , and  is the random 
error effect of the i
th
 trial and the j
th
 block and the k
th
 treatment with mean 0 and variance 
. 
 
  
94 
 
3.3.2  Fall and Spring Eradication Efforts with Glyphosate 
A field experiment was conducted from 2007 to 2009 to determine the efficacy of 
fall- or spring-applied glyphosate in eradicating a mature stand of Mxg.  The plot was 
located in Urbana, IL at 40°5‘N, 88°12‘W.  The soils were a Dana silt loam (fine-silty, 
mixed, superactive, mesic Oxyaquic Argiudolls) and a Flanagan silt loam (fine, smectitic, 
mesic Aquic Argiudolls). 
 The experiment was conducted as a split plot design with cutback date as the main 
plot and glyphosate application timing as the subplot.  The Mxg for the two replications 
was located in two adjacent 10 m
2
 plots, each planted in 2004.  To simulate a summer 
harvest, six 1 m
2
 plots of Mxg were cut 10 cm above the soil with a bypass hand pruner at 
each of three dates: July 23, August 6, and August 21 for replication one and July 18, 
August 7, and August 22 for replication two.  After each cutback, the Mxg was allowed 
to regrow to a height of 50 cm.  Three of the six plots for each cutback date were treated 
with 1730 g ae/ha glyphosate plus AMS at 2.5% v/v and three were left untreated.  
Applications were made at 187 L/ha with a CO2 backpack sprayer at 220 kPa and a boom 
equipped with two nozzles (SS8003 E) spaced at 46 cm and held 46 cm above the 
canopy.  Application dates were August 30, September 5 and October 1 for the three 
consecutive cutback dates in the first replication and August 14, September 11 and 
September 25 for the second replication.  In 2008, the Mxg in two treated plots in the first 
cutback group and the three treated plots in the third group showed no visible injury 
symptoms typical of a glyphosate treatment 2 wks after treatment.  Subsequent 
applications were made to these plots on August 27 for the first cutback date and October 
17 for the third according to the procedure described above.  In mid-November, the plots 
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were harvested and shoot number and average shoot height were measured.  Shoots were 
dried for 48 h at 80°C and weighed to obtain total above-ground dry biomass (data not 
presented). 
 The following May of each year the number of shoots was counted in each plot.  
For each cutback date, two of the three treated plots with similar shoot numbers and two 
of the three untreated plots with similar shoot numbers were chosen for further 
investigation.  Of the two fall-treated plots, one was treated again in the spring with 
glyphosate according to the procedure described previously and one was left untreated.  
The same was done for the two fall-untreated plots for each cutback date.  Glyphosate 
was applied the third week of May in each year.  Average Mxg height and visible 
herbicide injury rating were recorded every 2 wks for 12 wks.  Injury was rated on a scale 
from 0 (no injury symptoms) to 100 (no green tissue).  Final harvest was conducted on 
August 11, 2008 and August 4, 2009.  Shoots were cut 8 cm above the soil and average 
plant height, injury rating, shoot number and fresh weight were recorded.  Shoots were 
dried for 48 h at 80°C and weighed to obtain total above-ground dry mass.  Data were 
subjected to ANOVA using the MIXED procedure in SAS (SAS 2008).  Cutback timing 
and glyphosate treatment were fixed effects while year was considered a random effect.  
Fall and spring treatments were combined to produce a given treatment, and comparisons 
among treatments were conducted using one-tailed tests of linear contrasts at α=0.05.  
The estimation method used was residual maximum likelihood and the degrees of 
freedom were calculated with the Kenward-Roger method.  Normality of data was 
verified by examining a plot of the residuals.  Data were also subjected to analysis using 
the CORR procedure in SAS (SAS 2008) at α=0.05.  Spearman rank-order correlation 
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was used to identify correlations with injury rating (categorical data) and Pearson 
product-moment correlation was used to identify significant correlations among all other 
dependent variables.  
Statistical Model.  The statistical model for this experiment was 
 
where yijk is the observation of the kth rep and the j
th
 treatment and the i
th
 cutback date, µ 
is the grand mean of the population,  is the fixed effect of the i
th
 cutback date,  is 
the random error effect of the i
th
 cutback date with mean 0 and variance ,   is the 
fixed effect of the j
th
 treatment,  is the fixed effect of the interaction between the j
th
 
treatment and the i
th
 cutback date, and   is the random error effect of the i
th
 cutback 
date and the j
th
 treatment with mean 0 and variance . 
 
3.3.3  Spring Eradication with Glyphosate and Tillage 
An experiment was conducted in 2008 and 2009 to determine the efficacy of 
glyphosate and shallow tillage in eradicating a mature stand of Mxg.  The experimental 
design was a split-plot within a randomized complete block with tillage (tilled or not) as 
the main plot and glyphosate (0, 1 or 2 applications) as the subplot with six replications.  
Treatments included an untilled control (NTC), untilled with one (NTG1) and two 
(NTG2) glyphosate applications, tilled control (TC), tilled followed by one (TG1) and 
two (TG2) glyphosate applications, and one glyphosate application followed by tillage 
(G1T).  The Mxg was located in two 10 m
2
 plots adjacent to those used in the previous 
experiment. 
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 Six blocks of seven 1 m
2
 plots were created.  The plots were separated by 40 cm 
alleys within and between blocks in 2008 and 50 cm alleys in 2009.  Initial shoot count 
per plot was recorded on May 29, 2008 and May 21, 2009.  Three plots were then tilled 
to a depth of 8 to 10 cm using a 1.5 m-wide rototiller which sufficiently cut rhizome into 
pieces less than 10 cm long.  One of the four untilled plots was left untreated as a control 
(NTC) while three (NTG1, NTG2 and G1T) received 2530 g ae/ha  glyphosate plus AMS 
at 2.5% v/v.  Applications were made according to the procedure described in the 
previous experiment.  One of the untilled treated plots (G1T) was tilled 2 wks after 
treatment according to the procedure described above.  This treatment was not replicated 
in both main plots but was included to investigate the effect of the order of the tillage and 
glyphosate application.  At the same time, another of the untilled treated plots (NTG2) 
received a second application of glyphosate equivalent to the first.   
Two of the three originally-tilled plots (TG1 and TG2) received a glyphosate 
application according to the procedure described above when the average shoot height 
measured 50 cm.  This occurred on June 26, 2008 and June 17, 2009.  One of the tilled 
and treated plots (TG2) received a second application of glyphosate 2 wks later.  Average 
shoot height and visible herbicide injury rating were measured every 2 wks for 2 mos.  
Final harvest was conducted on August 11 and 12 in 2008 and August 4 and 5 in 2009.  
At harvest, shoots were cut at 8 cm above the soil and average stand height, injury rating, 
and shoot number were recorded.  Fresh weights of a representative sample were 
measured and samples were dried for 48 h at 80°C and weighed to obtain above-ground 
dry mass.  Data were subjected to ANOVA using the MIXED procedure in SAS (SAS 
2008) at α=0.05.   Tillage and glyphosate treatments were fixed effects while block and 
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year were considered random effects.  Analysis was conducted with tillage and 
glyphosate application as separate treatments to determine significance of the interaction 
term, and then the two treatments were combined to produce a single treatment for 
further analysis.  Comparisons between treatments were conducted using linear contrasts.  
One-tailed tests were applied to comparisons with the untreated control and two-tailed 
tests were applied to all other comparisons.  The estimation method used was residual 
maximum likelihood and the degrees of freedom were calculated with the Kenward-
Roger method.  Normality of data was verified by examining a plot of the residuals.  Data 
were also subjected to analysis using the CORR procedure in SAS (SAS 2008) at α=0.05.  
Spearman rank-order correlation was used to identify correlations with injury rating 
(categorical data) and Pearson product-moment correlation was used to identify 
significant correlations among all other dependent variables. 
Statistical Model.  The statistical model for this experiment was 
 
where yijk is the observation of the k
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th
 block, µ is the grand mean of the population,  is the random effect of the i
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treatment with mean 0 and variance ,  is the fixed effect of the interaction 
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between the l
th
 subplot treatment and the k
th
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of the interaction between the i
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3.3.4  Rotation from Mxg to Agronomic Crops 
Rotation to Soybean.  An experiment was conducted in 2008 and 2009 to 
determine whether glyphosate-resistant soybean could be planted into a field of mature 
Mxg without a loss of yield using conventional agronomic practices.  Two fields each 61 
m by 27 m were located in Champaign, IL at 40°2'N, 88°13'W.  The Mxg was established 
in 2004 and 2005 for the first and second trials, respectively.  The soils were Flanagan silt 
loam (fine, smectitic, mesic Aquic Argiudolls) and Elburn silt loam (fine-silty, mixed, 
superactive, mesic Aquic Argiudolls) in 2008 and Drummer silty clay loam (fine-silty, 
mixed, superactive, mesic Typic Endoaquolls) in 2009. 
 Prior to spring tillage and planting operations each year, above-ground biomass 
was removed and a rhizome harvester was used to harvest Mxg rhizomes to a depth of 10 
cm.  Both operations occurred in November of 2007, but in 2009 the biomass was 
harvested in March while the rhizomes were harvested in April due to unfavorable field 
conditions in the fall of 2008.  Rhizomes were harvested in strips approximately 1.5 m 
wide running the length of the field in 2009.  Original planting rows were estimated and 
only those strips were harvested leaving 1.5 m-wide strips unharvested due to wet soil 
conditions.  The ground was tilled in the spring of each year with a land finisher to a 
depth of 10 cm.  Glyphosate-resistant soybean was then planted at a rate of 345,800 
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seeds/ha with 76 cm row spacing.  Maturity group (MG) 3.2 soybeans
6
 were planted on 
June 17, 2008 and MG 3.4 soybeans
7
 were planted on May 22, 2009.  A preemergence 
(PRE) herbicide—S-metolachlor at 1547 g ai/ ha + metribuzin at 368 g ai/ha—was 
applied to the field within 3 d of planting to control the spectrum of annual weed species 
during the season.  Previous experiments showed no response of Mxg to S-metolachlor at 
two times this rate (Anderson et al. 2008) and metribuzin is known to have activity 
primarily on broadleaf species and a few annual grass species and is safe to use on 
established perennial grasses (Anonymous 2007a).  The herbicide was applied at 168 
L/ha with a CO2 backpack sprayer at 220 kPa and a 3 m boom equipped with six nozzles 
(AIXR110025) spaced at 50 cm and held 50 cm above the soil.   
 The experimental design was a randomized complete block with 7 replications.  
Plot size was 3 m by 15 m incorporating four rows of soybean.  Treatments included: 
weed free with two applications of glyphosate and manual removal of weeds, including 
Mxg, as needed (WF); a single glyphosate application (RUx1); two glyphosate 
applications (RUx2); no glyphosate applied and weeds other than Mxg manually 
removed as needed (MAW).  AMS at 2.5% v/v was added to all glyphosate applications.  
Glyphosate was first applied at 1740 g ae/ha on July 1, 2008 and June 17, 2009 when 
soybean reached the V1 stage.  One month later, a second application at the same rate 
was applied to the WF plots.  At the same time, a second application was made to the 
RUx2 plots at 790 g ae/ha due to a limitation of 2530 g ae/ha total applied in-crop 
(Anonymous 2007b).  Soybean during the second application was at the V5 stage in 2008 
and the V8 stage in 2009.  Manual weed removal from the MAW plots was conducted 
until the Mxg growth inhibited entry without damaging soybeans which corresponded to 
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the soybean R2 stage in both years.  Manual weed removal from the WF plots was 
conducted until soybean R2 stage in 2008 and R5 stage in 2009.  Soybeans and Mxg 
were removed from the front and back 60 cm of each plot once soybeans reached 
maturity to avoid boundary effects.  Pre-harvest measurements were taken in October of 
each year including a stand count for soybeans, shoot count and average shoot height of 
the Mxg surrounding the two middle rows of soybeans in each plot.  Mxg was removed 
from the MAW plots to aid mechanical harvest of soybean.  Soybeans were harvested at 
physiological maturity with a 2-row plot harvester
8
 on October 21, 2008 and November 
9, 2009.  Data were subjected to ANOVA using the MIXED procedure in SAS (SAS 
2008) at α=0.05.  Treatment was a fixed effect while block and year were considered 
random effects.  Normality of data was verified by examining a plot of the residuals.  
Comparisons among treatments were conducted using linear contrasts with one-tailed 
tests.  The estimation method used was residual maximum likelihood and the degrees of 
freedom were calculated with the Kenward-Roger method.  Pearson product-moment 
correlation was used to identify significant correlations among soybean yield, soybean 
stand count, Mxg stand count and Mxg height using the CORR procedure in SAS (SAS 
2008). 
Rotation from Soybean to Corn.  The experiment involving rotation from Mxg to 
soybean was continued in 2009 as the field was rotated to corn.  The same field was 
planted to glyphosate-resistant corn and all treatments were applied to the same plots 
according to the blocking scheme used in the previous experiment.  Prior to corn planting 
in the spring, the field was chisel plowed to a depth of 25 cm and then finished with a 
land finisher to break up clumps of rhizomes brought to the surface.  Nitrogen was 
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applied at 168 kg/ha as 28% urea ammonium nitrate prior to planting.  A 111-d 
glyphosate-resistant corn hybrid
9
 was planted on May 22 at 79,040 seeds/ha.  A PRE 
herbicide—S-metolachlor at 1415 g ai/ha + atrazine at 1827 g ai/ha—was then applied to 
the field to control the spectrum of annual weed species during the season.  Previous 
experiments showed no response of Mxg to S-metolachlor at 1785 g ai/ha or atrazine at 
2245 g ai/ha (Anderson et al. 2008). 
 Glyphosate was first applied at 1260 g ae/ha to WF, RUx1 and RUx2 plots on 
June 16 when the tallest Mxg reached 50 cm and corn was V5.  A second application at 
the same rate was made on July 3 to the RUx2 and WF plots.  The corn was V8 (100 to 
150 cm) at this time.  Both herbicide applications were made at 168 L/ha with a CO2 
backpack sprayer at 220 kPa and a 3 m boom.  Nozzles for the first application 
(AIXR110025) were spaced at 50 cm and were held 50 cm above the canopy.  Nozzles 
for the second application (8003E) were spaced at 75 cm and affixed to 75 cm drops.  
Manual weed removal from the MAW and WF plots was conducted until corn reached 
R1 stage.  Plot length was reduced and pre-harvest measurements were taken according 
to the procedure described in the soybean experiment.  Mxg was not removed from 
MAW plots prior to harvest.  Corn was mechanically harvested on October 21.  Corn 
yield was adjusted to 15% moisture content.  Data were analyzed according to the 
procedure used in the soybean experiment. 
Statistical Model.  The statistical model for this experiment was 
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variance ,  is the random effect of the j
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3.4  RESULTS AND DISCUSSION 
3.4.1  Glyphosate Dose Response Experiment 
Dose Response.  Dry mass was very strongly correlated with fresh weight 
(0.9583); only dry mass data will be presented.  Glyphosate at 360 g ae/ha was the lowest 
rate that produced results significantly different from the control with respect to dry mass 
and injury rating (Figure 3.1).  Observed injury symptoms consisted of gradual chlorosis 
followed by necrosis of above-ground tissue.  Symptoms of injury began to be expressed 
within 7 d after treatment and persisted throughout the duration of the experiment.  
Glyphosate at 1140 and 3600 g ae/ha increased Mxg injury and decreased dry mass more 
than that observed at 360 g ae/ha.  These results provide a baseline for potential 
application rates under field conditions. 
Below- Versus Above-Ground Growth.  Surface area was very strongly correlated 
with above-ground fresh weight (0.9435).  This suggests that success in controlling 
above-ground growth would be directly related to the surface area available for systemic 
herbicide uptake as hypothesized.  However, below-ground dry mass was not correlated 
with total surface area but was moderately correlated with leaf number (0.2959 and 
0.6721, respectively).  In the absence of a direct relationship between surface area and 
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below-ground biomass, it appears that total leaf number is the best above-ground 
indicator of below-ground biomass growth.  It is somewhat surprising that there is not a 
stronger correlation between surface area and leaf number (0.5841).  This may be due to 
the young age of the shoots and the lack of time needed to develop greater surface area or 
to variation in leaf number and size inherent in Mxg.  Further research is needed to 
determine optimum herbicide application timing and rates to increase the likelihood of 
success in controlling below-ground biomass with given levels of above-ground growth. 
 
3.4.2  Fall and Spring Eradication Efforts with Glyphosate 
The cutback date and the interaction between cutback date and glyphosate 
treatment were not significant (p=0.8449 and 0.7309, respectively), so cutback date was 
removed from the model and data were combined for analysis.  Dry mass was strongly 
correlated with fresh weight and height (0.9875 and 0.8655, respectively); fresh weight 
and height will not be presented.  The Mxg dry mass in the untreated control (FCSC) was 
significantly greater than with all other treatments (Table 3.1).  No significant differences 
were found among treatments with at least one glyphosate application.  However, a 
downward trend in mean dry mass was observed with approximately 33% dry mass 
reduction from a fall only glyphosate application (FTSC) to a spring only application 
(FCST) to glyphosate applications at both timings (FTST).  Mxg dry mass was lowest 
with two glyphosate applications which seems to support the assumption that multiple 
treatments would need to be made throughout a growing season for complete control 
(Speller 1993).  
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Final harvest dry mass was not correlated with final summer shoot count (0.1940).  
Shoot number was significantly lower than the untreated control only when sequential 
fall and spring glyphosate applications were made (Table 3.1).  There were no significant 
differences among the control and the two treatments with single glyphosate applications 
at different timings.  The FCST plots had a higher mean shoot count than the untreated 
control plots, but this is assumed to be due more to random variation in viable rhizome 
density in the field rather than treatment effect. 
Treatment did not significantly affect final harvest injury (p=0.5946), and injury 
rating was not correlated with any other dependent variable.  This lack of significance 
was due to new shoot growth following glyphosate applications which lowered overall 
plot injury ratings across treatments and trials.  There are three probable explanations for 
this regrowth.  First, glyphosate applied in the fall and/or spring may not have sufficiently 
translocated to the entire rhizome mass to provide complete control.  Second, the timing 
of the glyphosate application may have been too early following fall and/or spring 
regrowth.  New shoot emergence was routinely observed throughout the growing season 
including the time between glyphosate application and final measurements.  Finally, 
shoots in a given plot could have grown from rhizomes that spread from plants in 
adjacent plots or alleyways.  Given the small size of plots (1m
2
) and alleyways (40 cm on 
average), it is reasonable to assume that some shoots in a glyphosate-treated plot 
originated from plants located in untreated areas. 
Each trial of this experiment was conducted over a one year period with final 
measurements taken in the same growing season as the final treatment.  Regrowth 
occurred following summer harvest each season in most plots, and substantial regrowth 
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occurred in 2009 in the plots harvested in 2008.  These observations support the 
assumption that control of this perennial, rhizomatous grass will likely require eradication 
efforts over more than one growing season.  They also support the assumption that 
controlling Mxg would need to begin with glyphosate applied in the spring followed by 
subsequent applications and fall tillage (Speller 1993).  Similar observations were also 
made in experiments with Johnsongrass (Parochetti et al. 1975), wirestem muhly 
(Lingenfelter and Curran 2007), Phragmites (Ailstock et al. 2001; Derr 2008a; Rensburg 
1996), reed canarygrass (Annen et al. 2005), and giant reed (Spencer et al. 2008). 
 
3.4.3  Spring Eradication with Glyphosate and Tillage   
Dry mass was very strongly correlated with fresh weight (0.9720, p<0.0001) and 
height (0.8800, p<0.0001); only dry mass data will be presented.  The interaction 
between tillage and glyphosate application was significant with respect to above-ground 
dry mass (Figure 3.2).  This was due to the disproportionately significant effect of tillage 
with no glyphosate application compared with either one or two applications.  With 
respect to dry mass, all treatments were significantly different from the untreated control 
(NTC).  Differences between one and two glyphosate applications were not significantly 
different with tillage (p=0.8209) or without (p=0.1594).  There was no significant 
difference between TG1 and G1T (p=0.8540) so the timing of the tillage and glyphosate 
application was unimportant with respect to dry mass.  Differences between TC and 
NTG2 were not significant (p=0.2541) but were significant between TC and NTG1 
(p=0.0115).  There were no significant differences between TC and TG1 (p=0.2940) or 
TG2 (p=0.2003).  These results suggest that tillage (with or without glyphosate) or two 
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sequential glyphosate applications at 2530 g ae/ha effectively controlled Mxg above-
ground biomass production in the same growing season. 
Injury rating was only weakly negatively correlated with dry mass (-0.3315).  
Treatment did not have a significant effect on injury rating (p=0.3278).  This is not 
surprising since new shoots emerging after glyphosate applications lowered injury rating 
scores and increased dry mass.  As with the previous experiment, shoot emergence 
between glyphosate applications and final harvest was common with many treatments 
(Figure 3.3).  In the current experiment, another likely source of shoot regrowth in the 
tilled plots was from below tillage depth.  Mxg rhizomes are commonly found 40 cm 
deep which is well below the 10 cm tillage depth.  These observations do not agree with 
those of Harvey and Hutchens (1995) who noted that rhizomes were found mainly in the 
top 10 cm but support Speller‘s assumption that the rhizome mat is 30 cm or deeper 
(1993). 
Only TG1, TG2 and G1T treatments caused significant reduction in Mxg shoot 
number compared with NTC.  As with dry mass, the timing of the tillage and glyphosate 
application was unimportant.  Differences were not significant between one and two 
glyphosate applications with tillage or without.  Compared to TC, treatments TG2 and 
G1T significantly reduced shoot number but TG1 did not.  These results show that 
shallow tillage with at least one glyphosate application at 2530 g ae/ha effectively 
controlled Mxg shoot count in the same growing season. 
This experiment was conducted over a single growing season with final 
measurements taken in the same season.  Similar to the previous experiment, regrowth 
occurred following summer harvest each season in several plots, and substantial regrowth 
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occurred in 2009 in the plots harvested in 2008.  These observations again support the 
hypothesis that control of this perennial, rhizomatous grass will likely require eradication 
efforts throughout a given season and over more than one growing season. 
 
3.4.4  Rotation from Mxg to Row Crops 
Rotation to Soybean.  The year and the year*treatment interaction were significant 
for soybean stand count, soybean yield and Mxg shoot count.  Soybean stand count in 
2008 was not significantly reduced in RUx1 plots compared to the WF treatment, while 
stand count was reduced in RUx2 and MAW plots (Table 3.2).  In 2009 stand counts in 
WF and RUx2 plots were not significantly different, while count was reduced in RUx1 
and MAW plots compared to WF plots.  These results suggest that soybean stand count 
was reduced with the MAW treatment compared to the WF treatment, but the results 
from RUx1 and RUx2 plots were inconclusive. 
In 2009, two replications of the experiment were harvested by mistake with an 8-
row harvester following pre-harvest measurements, so soybean yields were available 
from only five replications that year.  Yield was not significantly reduced in RUx2 
treatments compared to the WF plots but was reduced with the RUx1 and MAW 
treatments in both years (Table 3.2).  Yields in RUx1 plots were not significantly 
different from those in RUx2 plots but were different from yields in MAW plots. 
With respect to Mxg growth, shoot count was significantly reduced in RUx1, 
RUx2 and WF plots compared to MAW treatment in both years.  Shoot count in RUx1 
plots was not significantly different from RUx2 and WF in 2008 but was different in 
2009.  There was no significant difference in Mxg shoot count between WF and RUx2 
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treatments in either year.  Mxg height was reduced in WF, RUx2 and RUx1 plots 
compared to MAW plots in both years.  There was no difference in shoot height between 
WF and RUx2 treatments.  Treatment effect was clearly seen at soybean harvest (Figure 
3.3). 
These data suggest that two glyphosate POST applications may be sufficient to 
control Mxg and prevent soybean yield reduction.  No significant differences were found 
between the WF control and RUx2 in either year with respect to soybean yield, Mxg 
shoot count and shoot height.  This suggests that the recommended practice of two POST 
applications of glyphosate in glyphosate-resistant soybean effectively controlled Mxg.  
Significant differences between the WF and RUx1 treatments were found in soybean 
yield and Mxg shoot height in both years, but soybean stand count and Mxg shoot count 
were different between these treatments only in 2009.  Further research is needed to 
determine the efficacy of a single glyphosate application in controlling Mxg.  However, 
Mxg was not eradicated from the field even in the plots receiving two glyphosate 
applications and manual weeding as late as soybean R5 suggesting that eradication will 
likely require treatment for more than one season. 
Rotation from Soybean to Corn.  The treatment did not have a significant effect 
on the corn stand count (p=0.6673) (data not shown).  Corn yield was not significantly 
reduced when two in-crop glyphosate applications were made compared to the WF 
treatment, but was reduced with only one application and when Mxg was allowed to 
grow unchecked (Table 3.3).  There was no significant difference in corn yield between 
RUx1 and RUx2 treatments.  These results support those found in the soybean rotation 
experiment that the common agronomic practice of applying two glyphosate applications 
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in a glyphosate-resistant crop planted into a field of mature Mxg did not result in crop 
yield loss. 
There was a moderately negative correlation between corn yield and Mxg shoot 
count and shoot height (-0.6475 and -0.6129, respectively).  With respect to Mxg shoot 
count, MAW treated plots had a significantly higher count than those in all other 
treatments (Table 3.3).  There were no significant differences among RUx1, RUx2 and 
WF.  Mxg height in MAW treated plots was significantly greater than in all other 
treatment plots.   
When analyzed across years, the data show that there was a significant change in 
relative crop yield and Mxg growth with some treatments (Table 3.4).  Crop yield was 
calculated as a percentage of the yield achieved with the WF treatment.  Crop yield 
increased significantly from 2008 to 2009 in both MAW and RUx1 plots but not in RUx2 
plots.  Mxg shoot count was reduced from 2008 to 2009 in all but the WF plots while 
Mxg shoot height was reduced only with the RUx1 treatment.  Since relative crop yield 
increase and Mxg shoot count reduction were observed in MAW plots, it is likely that 
these results were due to the effect of tillage on Mxg regrowth which supports the 
findings from the spring tillage and glyphosate experiment.  These data suggest that, after 
two years of cropping with glyphosate-resistant corn and soybean, Mxg shoot count was 
significantly reduced with one or two glyphosate applications.  However, complete 
eradication was not achieved within two years even with two glyphosate POST 
applications and manual weed removal.  This suggests that complete eradication of Mxg 
will likely take at least two years of conventional tillage and glyphosate applications. 
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3.5  SOURCES OF MATERIALS 
1
 Glyphosate: Roundup WeatherMax
®
, Monsanto Company, 800 North Lindbergh Blvd., 
St. Louis, MO 63167. 
2
 Commercial potting medium, Sunshine SB300 Universal, Sun Gro Horticulture, 15831 
NE 8
th
 St., Suite 100, Bellevue, WA 98008. 
3
 Track Sprayer, Allen Machine Works, 607 E. Miller Rd., Midland, MI 48640. 
4
 Spray nozzles, TeeJet Technologies, P.O. Box 7900, Wheaton, IL 60189-7900. 
5
 HID lighting, Voigt Lighting, 79 Commerce St., Garfield, NJ 07026-0409. 
6
 Asgrow 3101 soybean variety, Monsanto Company, 800 North Lindbergh Blvd., St. 
Louis, MO 63167. 
7
 FS HiSoy 3466 soybean variety, Illini FS, a division of GROWMARK, Inc., 1509 East 
University Avenue, Urbana, IL 61802. 
8
 Plot harvester, Almaco, 99M Avenue, Nevada, Iowa 50201-1558. 
9
 Dekalb DK61-69 corn hybrid, Monsanto Company, 800 North Lindbergh Blvd., St. 
Louis, MO 63167. 
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3.8  TABLES AND FIGURES 
Table 3.1. Mxg dry mass and shoot count of the fall and spring glyphosate experiment.  
FCSC was the untreated control.  F (fall) and S (spring) denote treatment timing while C 
(control, 0 g ae/ha) and T (treated, 2430 g ae/ha) denote glyphosate application. 
Measurements were taken the summer following spring treatments.  Letter designations 
denote significant differences using linear contrasts at α=0.05.   
Treatment Dry mass 
Shoot 
number 
 g  
FCSC 1037 a 70 a 
FCST 303 b 96 a 
FTSC 207 b 69 a 
FTST 138 b 51 b 
 
 
Table 3.2. Mxg harvest data from the soybean following Mxg experiment.  Glyphosate-
resistant soybean was planted directly into a field of mature Mxg and treatments were 
applied to evaluate soybean yield loss and Mxg control.  Treatments included manual 
removal of all weeds except Mxg (MAW), one (RUx1) and two (RUx2) in-crop 
glyphosate applications, and a weed free control (WF) receiving two glyphosate 
applications and manual weeding.  Letters denote significant differences within a column 
among treatments using linear contrasts at α=0.05. 
Treatment Soybean count Soybean yield Mxg count Mxg height 
 1000 stems/ha Mg/ha shoots/plot cm 
 2008 2009 2008 2009 2008 2009 2008 2009 
MAW 259 a 273 a 1.87 a 1.69 a 677 a 2028 a 143 a 157 a 
RUx1 298 b 267 a 2.41 b 3.13 b 357 b 916 b 96 b 82 b 
RUx2 265 a 305 b 2.59 bc 3.45 bc 306 b 489 c 44 c 43 c 
WF 296 b 312 b 2.83 c 3.61 c 131 b 231 c 53 c 29 c 
LSD (0.05) 27 0.27 0.32 258 17 
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Table 3.3. Mxg harvest data from corn following soybean following Mxg experiment.  
Glyphosate-resistant corn was planted into a field of mature Mxg previously planted with 
glyphosate-resistant soybean, and treatments were applied to evaluate corn yield loss and 
Mxg control.  Treatments included manual removal of all weeds except Mxg (MAW), 
one (RUx1) and two (RUx2) in-crop glyphosate applications, and a weed free control 
(WF) receiving two glyphosate applications and manual weeding. 
Treatment Corn yield 
a
 Mxg count Mxg height 
 Mg/ha shoots/plot cm 
WF 14.02 a 10 a 50 a 
RUx2 13.64 ab 67 a 46 a 
RUx1 13.27 b 102 a 57 a 
MAW 11.93 c 291 b 136 b 
LSD (0.05) 
b
   0.55        111         33 
a
 Corn yield adjusted to 15% moisture content. 
b
 Least significant difference values calculated using linear contrasts at α=0.05.  Letters 
within a column denote significant differences among treatments. 
 
 
Table 3.4. Mxg shoot reduction following two years of treatments.  Glyphosate-resistant 
soybean followed by glyphosate-resistant corn was planted into a field of mature Mxg in 
2008 and 2009, respectively, and plots were treated with identical treatments.  Treatments 
included manual removal of all weeds except Mxg (MAW), one (RUx1) and two (RUx2) 
in-crop glyphosate applications, and a weed free control (WF) receiving two glyphosate 
applications and manual weeding. 
Variable Treatment 2008 2009 LSD 
a
 (0.05) 
% Yield 
b
 MAW 57.9 a 85.1 b 7.4 
(Mg/ha) RUx1 86.1 a 94.8 b  
 RUx2 93.4 a 97.6 a  
 WF 100.0 a 100.0 a  
     
Mxg Count MAW 1352 a 291 b 322 
(shoots/plot) RUx1 637 a 102 b  
 RUx2 397 a 67 b  
 WF 181 a 10 a  
     
Mxg Height MAW 150 a 136 a 21 
(cm) RUx1 89 a 57 b  
 RUx2 44 a 46 a  
 WF 41 a 50 a  
a
 LSD values determined using linear contrasts.  Letters in a row represent a significant 
difference between years. 
b
 Crop yield values given as a percentage of the yield in weed free (WF) plots. 
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Figure 3.1.  Glyphosate dose response with respect to above-ground dry mass () and 
visible injury rating ().  Injury was rated on a scale from 0 (all green tissue) to 100 (no 
green tissue).  The addition of 2.5% AMS v/v (N-Pak
TM
 AMS, WinField™ Solutions, 
MS 5850, 1080 Cty Rd F West, Shoreview, MN 55126) was made to all glyphosate 
applications.  The control (*) was 0 g ae/ha glyphosate + 2.5% AMS v/v. 
 
 
y = 0.0071x3 - 0.1188x2 + 0.3532x + 2.443
R² = 0.9649
1.00
1.20
1.40
1.60
1.80
2.00
2.20
2.40
2.60
2.80
3.00
0 0* 3.6 11.4 36 114 360 1140 3600
D
ry
 m
a
s
s
 (
g
)
Glyphosate (g ae/ha)
y = 0.3258x3 - 2.8994x2 + 8.2511x + 4.2619
R² = 0.9700
0
10
20
30
40
50
60
70
80
90
0 0* 3.6 11.4 36 114 360 1140 3600
In
ju
ry
  r
a
ti
n
g
Glyphosate (g ae/ha)
121 
 
 
 
Figure 3.2.  Mxg harvest data from spring tillage and glyphosate experiment.  Above-
ground dry mass and shoot count are shown as a function of percent control compared 
with the untreated control (no tillage or glyphosate).  Levels of tillage were tilled (T) and 
no-till (NT) and levels of glyphosate were zero (C), one (G1) and two (G2) applications.  
A singular treatment (G1T) where glyphosate was applied prior to tillage was also 
included.  Bars denote significant differences among treatments. 
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Figure 3.3. Mxg regrowth at harvest time in spring tillage and glyphosate experiment.  
Levels of tillage were tilled (T) and no-till (NT) and levels of glyphosate were zero (C), 
one (G1) and two (G2) applications.  A singular treatment (G1T) where glyphosate was 
applied prior to tillage was also included.  Treatments included (from left to right): NTC, 
NTG1, NTG2, G1T, TG1, TG2, and TC.  Considerable Mxg regrowth following 
glyphosate occurred in all but TG2 plots. 
 
 
 
Figure 3.4. Treatment effect on Mxg at the time of soybean harvest.  Glyphosate-resistant 
soybean was planted into a field of mature Mxg following conventional agronomic 
practices.  Treatments (from left to right in the front) included one glyphosate application 
(RUx1), weed-free untreated, manually-weeded control (WF), two glyphosate 
applications (RUx2), and manual removal of all weeds other than Mxg (MAW).  Field 
was arranged in 7 blocks (left-to-right) of 4 plots (front-to-back) with check strips 
between blocks.  Essentially all green vegetation is Mxg with emerged inflorescences.  
Picture taken October 13, 2008. 
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CHAPTER 4: EVALUATION OF CURRENT RESEARCH AND 
RECOMMENDATIONS FOR FUTURE WORK 
 
As with everything in life, if you‘re not learning you‘re probably not doing 
anything worthwhile, and that has certainly been true of this graduate research 
experience.  I have made plenty of mistakes and have learned not only how to do research 
better, but also what considerations ought to be included in future experiments.  For 
example, experiments ought to be conducted with a clearly-defined purpose, the 
experimental design and the expected procedure for the analysis of data already in place.  
Trying to figure out any of these after an experiment has already begun can be very 
difficult and may result in findings that do not mean much.  Another example is to 
conduct a thorough literature review prior to experiment planning to be better informed 
about a subject and to propose experiments with clear and purposeful objectives… and 
then write a literature review right away before forgetting what was read.  Below I will 
present more thoroughly some reflections on the research I conducted these past two 
years and some proposals for future experiments. 
 
4.1 Phytotoxicity Research 
In retrospect, it would have been helpful to have done a short preliminary 
experiment to determine length of time required for complete drying of biomass samples 
of different masses at different temps to ensure true dry mass under a variety of 
conditions.  This would ensure that no matter which oven I had to use or what size my 
sample was I would know how long to dry the material.  With regards to assessing visible 
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herbicide injury, I should have used percent non-green tissue rather than a 1–5 injury 
rating to avoid having to deal with analyzing categorical data and to conform to 
convention.   
In the greenhouse experiments, I should have let the greenhouse staff water the 
pots after the initial treatment period to avoid drought stress effects when I was not able 
to water as often as needed.  I also should have recorded the data in a SAS-ready form to 
avoid hours of cutting and pasting and potential mistakes.  I should have used rhizomes 
that were harvested at the same time for all trials in a given experiment.  I should have 
grown plants for the POST experiment afresh for each trial rather than choosing from 
same original population.  The second trial plants were likely either much better 
established or more stressed adding unnecessary variability.  I should have used a 
randomized complete block design rather than a completely randomized design and 
avoided having to rearrange pots and defending the assertion of homogeneous conditions.  
For future work, I would include herbicides that control types of weeds that are not well 
controlled by previously tested ones.  For example, including bentazon would give a 
grower an option for controlling yellow nutsedge as was the case in one of the Illinois 
locations in 2009 (Rich Pyter, personal communication).  I would also investigate what 
herbicides other universities or companies are currently trying in their Mxg plantings and 
incorporate those in a future experiment. 
With regards to the field component, in retrospect I should have conducted a soil 
testing prior to conducting the experiment in 2007 which would have saved valuable time 
and resources.  I should have irrigated the rhizomes each year immediately following 
planting to decrease the potential for rhizome death.  I also should have arranged the 
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sprinkler head appropriately to ensure the irrigation was more uniform for all plots (e.g., 
have sprinkler spray 180° or just slightly more rather than ~270° and locate the reel back 
further from the plots).  If I were to conduct such experiments again, I would practice 
making treatment applications with water numerous times to ensure walking speed 
becomes consistent with full gear and to calibrate a given spray volume for a given area 
covered.  I would make observations of a proposed field prior to planting to ensure 
flooding would not be an issue.  I would clearly mark unweeded plots with more flags 
than I think are needed and communicate with the work crew to avoid weed removal 
from check plots.  I would use twist ties or some other labeling attached to the plants as 
pot markers will potentially be washed away in a heavy rain and spray paint continually 
wears/washes off.  I would consider taking measurements every other week rather than 
weekly and for a longer period (an extra month?) to see if Mxg outgrows certain 
herbicide effects.  I would bag samples from each block in a separate bag to aid in 
weighing and to ensure that samples taken from the dryer are exposed to ambient air for 
as little time as possible.  I would use mesh bags rather than kraft ones to increase airflow 
and avoid fungal growth in/on the bags.  When planting into corn stubble using the RJ 
plug planter, I would need to reconfigure the cover discs so they don‘t get clogged 
causing poor rhizome coverage with soil.  As a further consideration for future work, I 
would check Mxg regrowth in the spring to see whether a given treatment reduces 
viability/winter survival. 
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4.2 Eradication Research 
If I had to conduct the glyphosate dose response experiment again, I would either 
keep rhizome weights closer to 20 g (13–26 was too large a range) or measure each 
rhizome and record per pot for all trials.  I would also use same rhizomes for all trials.  
The results from trials 2 and 3 with rhizomes from the same batch were much closer than 
from trial 1 where rhizomes were from a separate batch.  To accomplish this, I would 
obtain an adequate number of rhizomes and whatever was not used in the first trial would 
be kept in a bag clearly marked with neon spray paint in a cooler at 4°C for subsequent 
trials.  
For the fall and spring eradication experiments, I would also make several 
procedural improvements.  For the fall cutback experiment, I would include three 
replications in a given trial to increase statistical power.  I would also conduct the fall 
harvest in late October prior to initiation of senescence rather than mid-November for a 
truer measure of biomass without the variability of leaf loss.  For the spring eradication 
experiment with glyphosate and tillage, I would start harvesting early in the day on clear 
days to avoid two-day harvesting.   For both experiments, I would be sure to start 
spraying with a clear boom (free of water), then include sufficient priming to avoid 
misses on such small plots.  I would use 50 cm alleys to avoid overspray and use a boom 
size to completely cover a plot.  The boom I used was just slightly less than 1 m so at 
times the coverage near the edges was incomplete.  I would measure fresh weights in the 
field with a hanging scale or bathroom scale and then dry 10% of the biomass rather than 
trying to take a representative sample based on height.  The latter method produced 
variable results and did not consistently give a true representation of the dry biomass in a 
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given plot.  I would measure the height of the tallest shoot rather than estimate the 
average plot height to decrease variability.  I would record field conditions during 
treatment applications either before or immediately after leaving the field.  In one 
instance where I failed to do this, I later found that I could not obtain the weather data 
which, although not critical to the experiment, left a gap in the records.   
For the soybeans/corn-following-Mxg experiment, I would weed WF plots up to 
soybean R6 to ensure no late-season weed competition, something I only did the second 
season.  I would use only 4 rows of soybeans rather than including a running check strip 
between each block.  The strips did not provide any additional useful information and the 
extra field space could have been used for higher replication or for other purposes.   I 
would plant the same soybean/corn variety/hybrid that was being used in a replicated 
variety trial or another experiment nearby and then be able to correlate my control yields 
with those from a non-Mxg field.  I would keep better track of Mxg growth and treat the 
soybean plots when the tallest Mxg was 50 cm.  I did this for the first season, but in the 
second season the Mxg was as high as 70–80 cm in some parts of the field and so 
treatment effects did not always match those from the first season.  I would label the 
fourth corn leaf by V4–V6 before lowest leaves drop to ensure accurate staging.  This 
became an issue when timing the second glyphosate application in the RUx2 plots.  I 
would definitely spray the second application of glyphosate at the appropriate corn stage 
(V7–V8) when corn is less than 1 m tall, not 1.5 m tall.  Although I do not believe the 
glyphosate affected the corn growth or that the weed coverage was inadequate, the taller 
corn made application much more of a challenge.  I would use new Teflon tape on the 
wand-boom junction every time I sprayed to avoid leakage and ensure an accurate spray 
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rate.  For an additional future experiment, I would repeat this soybean-corn experiment 
using no-till practices.  This practice could avoid potential fines for rapid carbon loss in a 
world of cap-and-trade, and it would also keep subterranean weed seeds buried thus 
reducing in-crop weed competition.  I would also repeat the experiment but plant 
glyphosate-resistant corn first and then soybeans to see whether the corn canopy would 
have an additional inhibitory effect on the Mxg growth. 
Even though the first trial has not even been completed of the eradication in a 
non-production environment experiment, there are still some procedural improvements I 
should have made.  I should have sprayed an area equal to the plot size with water to 
determine the appropriate spray mix size and avoid running short during application.  
This was a problem this first season because the calculations I used were based on 
numbers from one of my experiments with larger plots which did not correlate well with 
these smaller plots.  Apparently the amount of mix required for priming the boom was 
greater than I had anticipated which caused me to have incomplete coverage toward the 
end of each bottle.  I also should have noticed within one week that plot 106 had not been 
treated and then sprayed immediately.  I should have conducted the initial mowing in 
May rather than June to allow for more time for Mxg growth and for each treatment 
effect to become apparent.  In the future, I would include several other treatments in this 
experiment.  Such treatments would include: glufosinate; paraquat; imazapyr; burning; 
and apply glyphosate when the Mxg is 50 cm in the spring, then mow after 2wks, then 
repeat as needed throughout one season and check for regrowth in the spring.  I would 
also use a field where rhizomes had not been harvested to simulate a true ―roadside 
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escape‖ environment and avoid rough ground for more accurate and easier mowing.  I 
would also decrease the plot size to 1.5 m2 since only a 1m2 area is being sampled. 
I would also recommend conducting a few other experiments in eradicating Mxg.   
One experiment would include an early biomass harvest followed by regrowth, a 
glyphosate application at either 2520 or 4140 g ae/ha, late fall tillage (moldboard or 
chisel), and a check for regrowth the following season.  Another experiment would 
incorporate only aggressive tillage (probably moldboard plowing) to a depth of at least 
30–40 cm in the fall to determine the efficacy of surface rhizome frost killing in reducing 
Mxg growth.  A third experiment would investigate the rate and degree of translocation 
of glyphosate in the aerial and subterranean Mxg biomass using a radioactive label on the 
glyphosate.  This would be highly informative since the rhizome mass is so extensive and 
glyphosate is the primary systemic herbicide proposed for eradication purposes. 
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APPENDIX A 
Table A1. Soil test results from failed establishment phytotoxicity experiments in 2007.  
Interpretations based on maize provided by soil testing lab. 
Test PRE POST SEQ Interpretation 
pH 4.7 4.5 4.6 Low 
bpH 6 6 6 – 
P 61 41 42 Optimum 
K 365 218 342 Near optimum to Optimum 
OM 3.3 3 2.8 – 
Ca 2295 2344 3020 Medium 
Mg 472 471 574 Medium 
CEC 20.1 20.1 22.4 Medium 
% Ca 29 29 34 – 
% Mg 10 10 11 – 
S 12 14 16 Low 
Zn 14.6 13.3 17.7 Adequate 
Mn 95 88 100 Very high 
Fe 155 154 181 Very high 
Cu 4.1 4.6 5.4 High 
B 0.5 0.5 0.5 Very low 
NO3-N 24 35 28 – 
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APPENDIX B 
 
 
 
Figure B1. Photographs taken July 2009 of experiments involving fall and spring 
applications of glyphosate.  Above: First cutback date plot harvest 2009.  Middle: Third 
cutback date plot harvest 2009.  Note the differences in shoot height compared to the 
same treatments in the above picture.  Below: Regrowth in plots harvested in 2008.  
Taller Mxg toward the left and the bottom of the picture were not part of the experiment. 
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APPENDIX C 
Materials and Methods 
A field experiment was begun in 2009 to determine the efficacy of various 
treatments applied over one growing season in eradicating a mature stand of Mxg.  The 
field measured 6.4 m by 44.5 m and was located in Champaign, IL at 40°2'N, 88°13'W.  
The soils were classified as Drummer silty clay loam (fine-silty, mixed, superactive, 
mesic Typic Endoaquolls).  The Mxg was established in 2004 and rhizomes were 
harvested from the field in the spring of 2008 and 2009 with a rhizome harvester.  A 
chisel plow was also employed to approximately half the width of the field (~3 m) prior 
to rhizome harvest in 2009 in an attempt to improve harvest efficiency.  Mxg regrowth 
was substantial following each rhizome harvest.  Because the Mxg height ranged from 20 
to 120 cm throughout the field, an initial mowing of all plots with a multi-spindle rotary 
cutter to a height of ~10 cm was performed on June 17 to create a uniform starting height. 
The experimental design was a randomized complete block with 3 replications 
with blocks running the length of the field.  Plot size was 1.5 m by 3.0 m with 60 cm 
alleys within and between blocks.  Twelve treatments included: mowing every week; 
mowing every 2 wks; mowing every 4 wks; 2520 g ae/ha glyphosate; two 2520 g ae/ha 
glyphosate applications spaced 1 mo apart; 4140 g ae/ha glyphosate; 2520 g ae/ha 
glyphosate followed by mowing 2 wks later; 130 g ai/ha clethodim (plus (E)-2-[1-[[(3-
chloro-2-propenyl)oxy]imino]propyl]5-[2-(ethylthio)propyl]-3-hydroxy-2-cyclohexen-1-
one); 270 g ai/ha clethodim; 420 g ai/ha fenoxaprop; 90 g ai/ha quizalofop; control with 
no treatments after the initial mowing.  Mowing was performed with a walk-behind 
trimmer/mower to a height of ~5 cm.  Initial herbicide treatments were applied on July 14 
at 168 L/ha with a CO2 backpack sprayer at 220 kPa and a 3.0 m boom equipped with six 
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nozzles (AIXR110025) spaced 50 cm apart and held 50 cm above the canopy.  Plots were 
harvested 12 wks after the initial mowing.  Weekly mowed plots were mowed 12 times, 
every 2 wks plots were mowed 6 times and every 4 wks plots were mowed 3 times 
including the initial mowing.  A representative 1 m
2
 sample was harvested from each plot 
with bypass hand pruners at soil level.  Average shoot height and shoot number in the 
sample area were counted.  Samples were dried at 70°C for 5 d and dry masses were 
recorded.  Data were subjected to ANOVA using the GLM procedure in SAS (SAS 2008) 
and comparisons among treatments were conducted using Tukey‘s Honestly Significant 
Difference (HSD) at α=0.05.  Treatment was a fixed effect while block was considered a 
random effect. 
 
Statistical Model.  The statistical model for this experiment was 
 
where yijk is the observation of the i
th
 trial and the j
th
 block and the k
th
 treatment, µ is the 
grand mean of the population,  is the random effect of the i
th
 trial with mean 0 and 
variance ,  is the random effect of the j
th
 block nested within the i
th
 trial with mean 
0 and variance ,  is the fixed effect of the k
th
 treatment,  is the random effect of 
the interaction between the i
th
 trial and the k
th
 treatment with mean 0 and variance , 
and  is the random error effect of the i
th
 trial and the j
th
 block and the k
th
 treatment 
with mean 0 and variance . 
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Results and Discussion   
Above-ground dry mass was very strongly correlated with fresh weight (0.9905); 
only dry mass data will be presented.  Dry mass was strongly correlated with shoot height 
(0.8735) and moderately correlated with shoot number (0.6132).  Treatments 
significantly affected dry mass (p<0.0001, R
2
=0.9310, CV=31.30), height (p<0.0001, 
R
2
=0.9483, CV=13.88), and shoot number (p=0.0085, R
2
=0.6073, CV=49.57).  The 
relatively low coefficient of determination (R
2
) and high coefficient of variation (CV) 
values for shoot number were likely a result of variability in existing viable rhizome 
distribution in the field and not a factor of treatment significance.  Shoot counts the 
following season will provide a more reliable determination of treatment effects.  See 
Table C.1 for dry mass, shoot height and shoot number data.   
Among the ACCase inhibitors, clethodim and quizalofop appeared to have the 
least significant effect on all dependent variables while fenoxaprop significantly 
decreased dry mass and shoot height but not shoot number compared with the control.  
Speller (1993) suggested that fluazifop-p, an active ingredient similar to quizalofop, 
would control Mxg.  There were no significant differences between one and two 
glyphosate applications at 2530 g ae/ha for any dependent variable.  Only glyphosate + 
mowing and weekly mowing treatments significantly reduced shoot number compared to 
the control.  Glyphosate followed by mowing significantly reduced each dependent 
variable and provided the most effective control.  Each repeated mowing treatment 
significantly reduced dry mass and shoot height but not shoot number compared with the 
control.  Since data were available from only one season of the first replicate, these 
results provide only tentative measurements of control efficacy.  Measurements of shoot 
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number and dry mass the following season and execution of a second replication will 
allow for a more definitive evaluation of treatments. 
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Tables 
Table C.1. Fall harvest data following various methods of controlling Mxg.  Sampling 
was conducted in a 1m
2
 section from each plot.  Letters in each column denote significant 
differences among treatments. 
Treatment Rate Dry mass Shoot height Shoot number 
 g ai/ha g cm  
Untreated control  349 a 110 a 135 ab 
Clethodim 
ab
 130 230 b 80 b 165 a 
Clethodim 
ab
 270 130 cd 80 b 81 bcd 
Fenoxaprop ab 420 88 de 60 c 74 cd 
Glyphosate (x1) 
ac
 2520 102 de 67 c 73 cd 
Glyphosate (x2) 
ac
 2520 95 de 60 c 64 cde 
Glyphosate 
ac
 4140 71 ef 63 c 58 cde 
Glyphosate 
ac
 + 
mowing 
2520 
3 g 33 d 11 e 
Mowing every 1 week  3 g 7 f 36 de 
Mowing every 2 
weeks 
 
7 g 20 e 61 cde 
Mowing every 4 
weeks 
 
34 fg 43 d 96 bc 
Quizalofop 
ab
 90 173 c 87 b 100 bc 
LSD (α=0.10)    48 12   57 
a
 Ammonium sulfate added at 2.5% v/v, N-Pak
TM
 AMS, WinField™ Solutions, MS 5850, 
1080 Cty Rd F West, Shoreview, MN 55126. 
b
 Crop oil concentrate added at 1% v/v, Herbimax
®
, Loveland Products, Inc., P.O. Box 
1286, Greeley, CO 80632. 
c
 Rate given as grams acid equivalent rather than grams active ingredient. 
